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Preamble

Hydrogen is the simplest chemical element. It is also the most abundant in the Universe, being
75% of its known mass, and thus represents 9 atoms out of 10.! Furthermore, the nucleic forms of
hydrogen 'H and deuterium °D are the first two steps in primordial nucleosynthesis, the fusion
process that occurred just after the Big Bang and generated the light elements.” As the main
component of our Sun, hydrogen fuels the nuclear reactions in its core, through proton-proton
chain or carbon-nitrogen-oxygen cycle, releasing radiation, subsequently absorbed and reemitted
to yield the ultraviolet, visible and infrared light that finally feed our Earth.’ On Earth, hydrogen
is the 3 most abundant element, although it does not exist in the atomic state* and only as traces
(4 ppm) as its diatomic form,* the dihydrogen molecule (H,). This molecule, gaseous under
atmospheric pressure and temperature conditions, often borrows the name of its atomic
component - hydrogen. Nonetheless, the element hydrogen is one of the main components of
organic backbones and of water, both being essential for the life on our planet. Water also gave it
its name. Back in 1766, Cavendish demonstrated that hydrogen, he called “inflammable air”,
gives water through combustion with dioxygen (O,). Lavoisier reinvestigated the demonstration in
1783 and first reversed it to split water into dihydrogen. He subsequently burned the obtained gas
with dioxygen, observing the formation of water.’ This experiment is part of the founding
settlements of modern chemistry that are recorded in his “Traité élémentaire de Chimie™
published in 1789. In the co-authored book “Méthode de Nomenclature Chimique™’ he proposed a
new nomenclature to name chemical compounds, which is still in use today, and gave the greek-
based etymological name to this “inflammable air”: hydrogen - that creates water. This
exothermic reaction between H, and O, provides an energy of 286 kJ per mole of H,. Knowing
that hydrogen has the lowest molecular mass (2.016 g'mol '), it hence features the highest mass
energetic density for chemicals in which energy is stored, that is to say fuels.

Speaking about energy, whether hydrogen is under the deuterium and tritium forms for
controlled nuclear fusion (ITER project®), as an additive in combustion engines’ or as a fuel in
fuel cells,” it has drawn mankind’s attention on the key role it could play for the resolution of
current energetic issues. Indeed, humanity should turn to a sustainable energy pattern to face the
future shortage in fossil fuels and to step down global warming. A striking fact is that solar light
can provide the earth with 10 times more energy than mankind needs. Yet, the sun, as wind,
hydraulic or other natural sources, dispenses energy in an intermittent way. While we know how

to harvest the energy of solar radiation and transform it into electricity through photovoltaic
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technology, the central point and the biggest bottleneck is now to solve large scale storage.
Splitting water into dihydrogen and dioxygen, in a process called electrolysis, or photoelectrolysis
for the case in which the reaction is directly driven by light, gives an opportunity to store energy
as electronic energy in the H-H bond. Obtained from water through the action of sunlight,
hydrogen is one of the so-called Solar Fuels. Plus, this energetic vector reconstitutes the energy
stored by simple recombination with O,, in devices like fuel cells that generate electricity and
discharge a single and clean exhaust gas, water. Utilizing hydrogen atoms in water and sunlight
primarily originating from hydrogen fusion in the sun, this virtuous cycle is all about hydrogen.

Already in 1875, Jules Vernes prophetically proposed in “L’ile mystérieuse” the idea to use
hydrogen as a fuel. It is thus highly surprising that a technology relying on hydrogen as a solar
fuel is not broadly available today. There are indeed two “but’s.

First, in water splitting (WS), the conversion of protons in water to H,, called hydrogen
evolution reaction (HER) and of water to O,, called oxygen evolution reaction (OER), not only
face thermodynamic barriers but also kinetic ones. For instance, to proceed at a significant rate,
the multielectronic reduction of proton to hydrogen requires a supplementary amount of energy
than what is strictly stored in the H-H bond. This value is known as overpotential. Such a loss of
energy can be limited by the use of chemical entities called catalysts that lower the overpotential
and make the reaction faster. As an example, in the alkaline electrolysis of water, the catalyst is
made of a nickel-based material. Though being mature and relatively low cost,* this technology
exploits operating units whose limited flexibility could not match an intermittent use.
Alternatively, the proton-exchanging membrane (PEM) devices, which realize water splitting
under rather acidic conditions, are more adaptable hence more prone to rely on intermittent
sources of energy. However, these devices require the utilization of catalysts based on platinum or
other noble metals.*® Such noble metals are very rare, e.g. with a crustal abundance in the ppb
range for Pt'" (ca 107 less than silicium), and so extremely expensive (about 30 000 € per
kilogram for Pt'"). A major challenge is to find alternative compounds based on earth abundant
(EA) elements and able to catalyze HER, or OER, with a good efficiency.

Second, to effectively use sunlight as the source of energy, the light harvesting process should
be coupled with the catalytic process of water splitting. Whatever the design of the corresponding
operating device, it has to comply with technical specifications. First, such a device should rely on
cheap, available elements, to conform to a large-scale utilization as above-mentioned concerning
catalysts. Also, a technology-ready device must feature a good net efficiency and a positive global
energy balance, which are only possible if stability is sustained on the long term. Today, none of

the different approaches studied has yet lead to prototypes meeting all these requirements. In this
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view, the PEM technology might be extrapolated so as to design photoelectrochemical cells (PEC)
able to realize a light-driven water splitting. This concept still depends on the development of new
catalysts for such PEC devices. Of course, the design should also allow the catalyst to be directly
combined with a light harvesting unit.

To achieve solutions to these two issues, researchers are taking their inspiration from nature.

First, acknowledging that proton reduction is catalyzed in nature through enzymes which rely
on the use of earth abundant metals only, scientists have followed this track to develop cheap
catalysts for HER. The hydrogenase enzymes interconvert protons to hydrogen at thermodynamic
equilibrium (i.e. with no loss of energy).'* The core of their active site, where the reaction takes
place, is constructed around iron and/or nickel atoms and also features a chemical entity, named
the proton relay, able to take the proton very close to the metal actually performing catalysis.
Chemists have derived such a strategy to create bio-inspired molecular catalysts. These species
generally involve one or several non-noble metal center(s) surrounded by a chelating ligand,
which can feature a proton relay function. Many studies have been reported on the development of
these bio-inspired catalysts for the last 20 years.'? This approach harnesses the versatility and the
precision of inorganic and organic synthesis to create molecules of controlled shape. Among
them, one of the most stable and active noble-metal free molecular catalysts for hydrogen
evolution has been developed in our laboratory. This catalyst consists of cobalt, a relatively
abundant element (20-30 ppm), which is the metallic center surrounded by an equatorial
tetradentate diimine-dioxime ligand N,,N>-propanediylbis(2,3-butanedione 2-imine 3-oxime),
abbreviated as (DOH),pn, and two axial ligands X: [Co(DO)(DOH)pnX;] (X = CI, Br)."* This
catalyst has been chosen to conduct the studies reported in the present manuscript.

Second, on the point of joining water-splitting catalysis with light harvesting, nature could
once again be our source of inspiration through the photosynthetic process. In photosynthesis,
solar light is harvested by two photosystems (photosystem I and photosystem II), in which the
light energy creates charge separation (an electron is dissociated from its positive and oxidant
equivalent, a hole). The holes are directed to the nearby oxygen-evolving cluster where they serve
as oxidizing equivalents for the OER reaction in which water is oxidized into dioxygen. The
electrons are shuttled to the Calvin cycle, in which CO, fixation to carbohydrates occurs. In that
place, some particular organisms, as cyanobacteria or green algae, use these electrons for the
reduction of protons to hydrogen catalyzed by hydrogenases.'> By coupling light harvesting with
catalysis, photosynthesis efficiently generates solar fuels in the form of carbohydrates or
hydrogen. Mimicking the overall process, chemists target to associate water splitting or CO;

fixation catalysis with light harvesting, providing the basis for the so-called artificial
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photosynthesis field.'"* Indeed, by reproducing the primary processes at stake in photosystems
chemists have created new molecular photoactive entities able to harvest sunlight efficiently.
Their incorporation into device has lead to dye-sensitized solar cells (DSSCs), able to generate
electricity upon exposure to sunlight. To go one step further in artificial photosynthesis, they now
seek to directly add into these devices catalytic species for water splitting, so as to build dye-
sensitized photoelectrochemical cells (DS PECs).

This is the approach giving the frame of the present work. More specifically, the holy grail of
our studies is to couple a hydrogen-evolving cathode, photoactive or not, with a photoanode
catalyzing OER, into an overall light-driven water splitting DS PEC, a tandem cell.

Our group had expertise with the design of cathodes for proton reduction based on the
[Co(DO)(DOH)pnX;] catalyst," yet not being photoactive. To go from the dark side to the bright
side, the idea is now to include this catalyst within a dye-sensitized molecular photocathode for
hydrogen evolution. This idea was set as the main goal of the present thesis.

Thus, this work aims at constructing molecular cathodes and photocathodes for hydrogen
evolution and possibly realizing their integrations in tandem cell devices. In this PhD dissertation,
the project will be derived in 3 different axes.

- First, we will explore the influence of operating conditions in water on the HER reaction
catalyzed by [Co(DO)(DOH)pnX;] in solution or supported onto carbon nanotubes. We will
report on the activity of the catalyst in the presence of residual O, in the media. Also, we will
discuss the real nature of the catalytic entity in acidic aqueous electrolyte. Then, we will
depict our first attempts to integrate our molecular cathode materials in a tandem cell device.

- In a second part, we will describe our efforts to create cathode materials made of
[Co(DO)(DOH)pnX;] immobilized onto transparent conducting oxides (TCOs). Proposed
synthetic pathways to derivatize [Co(DO)(DOH)pnX;] with anchoring groups for covalently
binding to TCO surfaces, immobilization procedures and electrode characterizations will be
detailed.

- Finally, taking elements from the first two points, we will report on the construction of
molecular photocathodes for hydrogen evolution based on the immobilization of
[Co(DO)(DOH)pnX;] onto nickel oxide (NiO), a p-type TCO. As a preliminary step, a
benchmarking study of different NiO electrode sources for their use in p-type DSSCs will be
presented. Then, the construction of a NiO-based photocathodes relying on a dye-catalyst co-
grafting strategy will be described, along with structural -characterizations and
photoelectrocatalytic activity for hydrogen evolution. Last, but not least, the synthetis and

characterization of a covalent dye-catalyst dyad that can be attached onto NiO will be shown.
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Chapter I

Introduction

A sustainable self-sufficient energy supply is possible if sunlight is used to generate an
environmental-innocent fuel." For instance, sunlight can serve to electrolyze water, a resource
highly abundant on the earth, through a process called water-splitting (Eqn. 1.1). Water-splitting
generates dioxygen and, more important, dihydrogen. Hydrogen formed in that way is indeed
foreseen as a very promising energetic vector since its oxidation in a fuel cell efficiently
reconstitutes the energy stored.”

H,0 = H, + % 0, AG =237.2 kJ-mol ' (298.15 K, 1 bar) Eqn. L1

In standard conditions, Gibb’s free energy variation for water splitting is positive (237.2
kJ'mol™") and thus the reaction does not occur spontancously. Translated in terms more
appropriate for electrolysis reaction, the net reversible electronic work of this reaction is Vs’ =
1.23 V.

In natural systems, as for the sake of simplicity, water splitting might be decomposed into two

half reactions: water oxidation (Eqn. 1.2) and proton reduction (Eqn. 1.3).

1
H,0 =2 0, +2H" +2¢€ E’=123 V vs RHE Eqn. 1.2
2H"+2e = H, E’=0V vs RHE Eqn.L3

By definition, the equilibrium potential of the reversible hydrogen evolution is 0 V versus the
Reversible Hydrogen Electrode (RHE) at 25°C and 1 bar and, hence, the one for OER is 1.23 V vs
RHE. To electrolyze water into hydrogen and oxygen, a theoretical voltage of 1.23 V should then
be applied between two electrodes dipped in water. HER takes place at the cathodic part and OER
at the anodic part. But these reactions only occur at significant rates if a voltage larger than 1.23
V is applied, due to the overpotentials. Catalysts may thus be introduced at both parts to limit the
overpotentials.

Also, coupling these WS electrocatalytic systems with light harvesting (LH) units permits to
harness the energy of sunlight. Photons from sunlight are in the UV-visible range, mainly between

300 and 1000 nm, which is in terms of energy between 4.13 and 1.24 eV. As a consequence, they
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have enough energy to realize photoelectrocatalytic water splitting, provided that overpotentials of
the catalytic systems are not too high.

The present bibliographic introduction will focus on the part concerning hydrogen evolution,
both for electro- and photoelectrocatalytic processes, but similar concepts are true for oxygen
evolution. We will first describe catalysts and especially earth-abundant molecular catalysts for
hydrogen evolution. In particular, we will report on state-of-the-art systems for which catalysts
have been immobilized onto an electrode material. Finally, we will describe more precisely the
[Co(DO)(DOH)pnX;] catalyst used in our studies.

In the second part, we will introduce the construction of dye-sensitized photocathodes for
hydrogen evolution, with an emphasis on their building components. Then, examples of such
photocathodes reported in the literature will be extensively described with final conclusion on the

DS PEC tandem cells realizing overall water splitting.
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1. Molecular catalysis for hydrogen evolution

Here, we will focus here on earth-abundant molecular electrocatalysts for HER. Firstly, basic
definitions and metrics are given which apply to the study of the hydrogen evolution catalysts
(HECs). Then, an overview of efficient families of EA molecular catalysts is depicted, with a
greater emphasis on the [Com(DO)(DOH)anz] used in this work. Finally, we will present the
strategies used to attach molecular HECs onto surface, and more precisely describe the molecular
cathode based on [COHI(DO)(DOH)anz] further used in the manuscript.

Although there is a cornucopia of solid-state electrocatalytic systems for proton reduction,’
some of them being among the most efficient ones, we intentionally discard them of this
introduction as being out of the scope of this work. Unless otherwise noted, we will refer

implicitly to molecular catalysts when quoting catalysts.

1.1. Metrics for the benchmarking of molecular
hydrogen evolution catalysts

The development of a hydrogen evolution catalyst (HEC) should be accompanied by a rigorous
assessment of its performance for proton reduction.’ In that goal and prior to go further in the
detailed literature on molecular HECs, a brief introduction to the key parameters describing the
efficiency of such a catalyst is proposed. These parameters are generally related to concepts
proper to electrochemical techniques, as cyclic voltammetry (CV) or chronoamperometry (CA),
which are particularly suited for assaying HER activity. We note that similar concepts are used for
solid-state catalysts. Not an extensive description, this section is rather a short-list of the most

used and relevant parameters.

1.1.1. General definitions

We first give here definitions regarding basic concepts of electrochemistry related to HER

catalysis.

1.1.1.1. Equilibrium potential

The equilibrium of the interconversion of protons into hydrogen is defined in Eqn. I.3. Given a

solvent, the proton source with its associated pK,, the apparent standard potential for this reaction

. o,
is PP

0, This potential might be determined from the standard potential of the H'/H, couple

E f,+ /H, in the considered solvent using the following equation:
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EO,app — EO RT

H*/H, H*/H, ~ oF PK, Eqn.14

where R is the perfect gas constant, 7 the absolute temperature and F the Faraday constant.
In the case of non-aqueous solvents, the concentration in protons impacts the actual value of

the apparent equilibrium potential E I?IEI/)HZ

and the homoconjugation of the acid/base couple has to
be considered.® For some organic solvents, as acetonitrile (MeCN), N,N-dimethylformamide
(DMF) or dimethylsulfoxide (DMSO), the values of E 1?1+ JH, and pK,s are tabulated, though
subjected to caution use due to experimental errors (= 50 mV) and debates concerning practical
methods for their determination.’

If solvent is water, the case is simple, since we have by definition E ,(_)1+ JHy 0 V vs the Normal

Hydrogen Electrode (NHE) and thus, from the Nernst equation, the reversible potential for

hydrogen evolution at a given pH is:

EO,app,HZO - _ RT

A o7 PH=~ —0.059-pH  VwsNHE  at25°C, I bar Eqn.15

In water, for commodity, we will commonly refer our potentials against the Reversible

Hydrogen Electrode, which directly accounts the pH effect:

Ey 2% =0 VvsRHE  at25°C, 1 bar. Eqn. L6

Finally, the overpotential # is defined as the difference between the apparent equilibrium

potential E g’fsz and the potential E at which the reaction is examined:’
_ pYapp
n= EH+/H2 —F Eqn. 1.7

1.1.1.2. Rate constant
H' reduction to H; is a 2-electron, 2-proton process. Homolytic or heterolytic pathways are
possible. In the case of a homolytic one, the formation of one molecule of H, involves two
molecules of catalyst. In the case of a heterolytic one, only one molecule of catalyst is involved.
The global reaction catalyzed by a catalyst (cat), which undergoes reduction to its catalytically

active form from E,,,, is written in a general way as follows:
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Ecat
cat*+me —> catRed

kcat
2H"+ncat?® ——> H, +ncat™

Figure 1.1. Overall catalytic scheme for HER (n =2, m = 1 for a homolytic pathway; n =1, m =2, for a
heterolytic pathway). cat®, respectively cat®™, are the oxidized, respectively reduced, forms of the catalytic
species cat.

The overall rate constant for hydrogen evolution k., thus reflects kinetics of the whole

reaction. This constant is linked to the reaction rate v through the following relation:

v =K.y [H]? - [cat]? Eqn. L8

The mechanism of hydrogen evolution gathers electron transfer (E) and chemical (C) steps at
the catalyst. For instance, heterolytic pathways could proceed through EECC, ECEC or ECCE
mechanisms. k., includes rate constants of each E and C steps involved in the catalytic process.
Hence, its determination generally requires the elucidation of the whole catalytic pathway.’

However, at given catalyst concentrations, k., 1s linked to an observed rate constant k,p; as:

kobs = Kcar - [H+]p Eqn. 1.9

This relation allows a straightforward determination of k., in some particular occurrences, like

ECCE or ECEC limited by a kinetic determining step and for which p = 1.

1.1.2. Kinetic metrics of the catalytic process

The catalytic process is correlated to kinetic values that give information about how fast the

catalyst turns over and hence how fast hydrogen is produced.

1.1.2.1. Apparent rate constant: k.,

When a HEC is submitted to cyclovoltammetric analysis in the presence of a proton source,
additional waves might build up. Especially, a high current wave can develop at potentials more
cathodic than RHE. This wave often corresponds to the reduction of protons by the catalyst and is
thus called a catalytic wave.

In the ideal case, a regime where the current is only limited by the diffusion of the species at
the electrode is attained. This regime is known as pure kinetic conditions. The CV then depicts a
canonical S-shaped wave that reaches a plateau. The plateau current iy, is independent of the scan

rate and is correlated to the apparent rate constant as follows:®
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ipl =2FS- [cat]b ’ \/Dcat ) \/kcat[H+]b Eqn. .10

where S is the surface of the electrode, [cat], and [H" ], are the concentrations of the catalyst and
of the proton or acid, respectively, in the bulk of the solution, D, is the diffusion coefficient of
the catalyst.

This allows for the determination of k.., which indicates how fast the catalytic process is.

In non-ideal cases, in which the catalyst deactivates or is inhibited by products or in which the
substrate is consumed, the current does not reach a plateau. Instead, a peak-shaped wave is
displayed and associated with a peak current i,. The equation Eqn. 1.10 is sometime incorrectly

used here, replacing i,; by i,, to access an under-estimated approximated value of ket

1.1.2.2. Turnover frequency: TOF

The turnover frequency (TOF) is the number of catalytic cycles achieved by one catalyst
molecule per unit of time.'® The value of TOF is directly linked to the apparent rate constant of

111 1 other words,

the reaction for hydrogen evolution: the highest the k.4, the highest the TOF.
at a given potential, the catalyst displaying the highest TOF is the one turning over the fastest.

TOFs should be calculated taking into account the number of molecules which effectively
partake to catalysis. For a catalyst in solution, the pool of molecules in the reaction-diffusion layer
at the vicinity of the electrode has to be considered.'?

Values of TOF can be readily accessed when canonical CVs, thus k., are available. A
methodology has been reported in the case where side-phenomena make CVs non-canonical.'
This strategy is built on the foot-of-the-wave (FOWA) analysis of catalytic CVs.

For chronoamperometric measurements (electrolysis) in a steady-state regime, catalysis is
limited by charge transport and is hence submitted to dependence on geometric parameters, as
electrode or cell architectures. Also, TOF calculations are in this case based on the overall amount
of catalyst in the whole electrochemical cell. For these reasons, this practice which is used in a
large majority of the literature misestimates values of TOFs for HECs. More, such practice

artificially disadvantages molecular catalysts toward material-based catalysts.'?

1.1.3. Overpotential for hydrogen evolution

The overpotential required for proton reduction to occur due to an HEC, often implicitly (but
misleadingly) named as overpotential in the context of hydrogen evolution, is a key, but

discussed, notion. Overpotential requirement would be a more relevant alternative denomination.
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But whatsoever the name, the definition is indeed very subjective and several propositions have
been made regarding the determination of its value."?

We will first briefly describe common methodologies, whether they refer to non-ideal cases or
they are broadly used in the literature.

Nonetheless, in the ideal case of an elucidated mechanism, a relationship directly relates the
overpotential (the applied electrode potential) # and the TOF, allowing for a straightforward
benchmarking of HER catalysts. This methodology, which has been recently reported,'®"
bypasses other methodologies used to determine overpotential requirement for hydrogen

evolution. Though it proposes an objective benchmarking of catalysts, this method is also the

more demanding one, since it relies on the knowledge of the whole catalytic mechanism.

1.1.3.1. Potential of the catalytic peak current: E,,
With CVs displaying a peak-shape behavior at the catalytic process, the potential
corresponding to the peak maximum E, can be straightforwardly found. Here, the overpotential

may be obtained as:

— 0,app
n= Ep — EH+/H2 Eqn. 1.11

However, the E, potential varies with the concentration of protons, which does not permit to

define a single value for the catalyst.

1.1.3.2. Onset potential: E, .,

The onset potential for hydrogen evolution E,,,; 1s often taken as the potential at which the
catalytic current starts to rise. Its definition relies on experimenters’ eyes and thus is intrinsically
subjective. However, when potential sweep electrocatalysis of HER is coupled to a quantitative
method for analysis of the produced gas, as with rotating ring-disk electrode (RRDE) or in-line
gas chromatography (GC), an experimental potential at which hydrogen starts to be evolved might
be determined (an example is given later, in Figure .25, left).'* This determination is possibly
dependent on the scan rate and/or the time resolution of the analytic technique. Despite this point,
monitoring of the H, production is an insightful way to benchmark catalysts in regard to their

experimentally observed overpotential requirement for proton reduction.
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1.1.3.3. Half catalytic wave potential: E .
E. .2 1s defined as the potential corresponding to half the current of the catalytic wave, or
plateau i, (Figure 1.2). This current can be defined easily in the case of a canonical catalytic S-

shape CV, leading to an accurate value of E,,,. Hence, the overpotential might be determined as:

0,
N = Ecqp— EH":%’IZ Eqn. .12

If the CV moves away from this canonical behavior, determining E.,,» might be subjected to
the experimenters’ judgment. Suggestions have been made to provide guidance on this
determination. '

The comparison of E ., for two catalysts gives an idea of the catalyst having the smallest

,7
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Figure 1.2. Half catalytic wave overpotential determination exemplified with [Ni(PZPhNZPh)Z(BF4)2]
(see text later) in the absence (black line) or presence (red line) of acid."> Reproduced with permission
from ref"”, copyright 2014 American Chemical Society.

Here, the performance of the catalyst can be given by the determination of the (Ecay2, icat)
couple. But the catalyst is even better described through its highest TOF TOF,,, and its
overpotential requirement 7. These two values are in fact intrinsically linked and they can be

correlated as shown in the next paragraph.

1.1.3 4. Catalytic Tafel plots: log(TOF) vs n

The catalytic Tafel plots have been recently described as an equivalent for molecular
homogeneous catalysts to the Tafel plots valid for heterogeneous catalysts.'*"!

To obtain these plots, the relation linking the TOF to the overpotential has been established as:
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TOF 4y

TOF =
1+exp [% (EweTh, — Evp2)| - exp (- o n) Eqn.L13

where Ej; is a potential related to a specific electrochemical step in the catalytic pathway and

TOF ., is the maximum turnover frequency artificially taken at [H']=1M and defined as:

TOF oy = ket [H' P = Keas Eqn. L.14

TOF .. and E;,, are both functions of the different rate constants. To determine these constants,
the mechanism should be known or assumed. This step is thus a necessary condition to access the
catalytic Tafel plot giving log(TOF) as a function of 5 (Figure 1.3).

Of note, extrapolated at zero overpotential these graphs also give at TOF, constant, called

intrinsic turnover frequency for the considered catalyst.'?

(o]
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Figure I.3. Catalytic Tafel plots for molecular HECs under various conditions,'” among others
[Fe(TPP)CI] (black), [Ni(PZPhNPh)Z]2+ (green) and [Co(dmgH),PyCl] (blue), quoted later in the text.
Reproduced with permission from ref'’, copyright 2014 Royal Society of Chemistry.

Generally, a catalytic Tafel plot allows for a direct comparison of the performance of catalysts.
The line corresponding to the catalyst able to best lower the overpotential for HER while turning
over at the highest rate will lay in the upper left corner. Its bad boy equivalent will lay in the

bottom right part.

1.1.4. Stability

An HER catalyst might be deactivated by several processes.'> For instance, it can undergo

inhibition by the product. Otherwise, it might degrade to form another species. Either this species
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is not active for hydrogen evolution, which will in fine terminate catalysis, or the new species
might also be an HER catalyst and simply modify the apparent rate constant of catalysis. En
passant, we note that the degradation of a molecular catalyst might lead to other molecular species
or to heterogeneous entities.

To test the robustness of the catalyst, several parameters can be examined, which are presented

here.

1.14.1. Faradaic efficiency: nr
Most widely, chronoamperometry is used to assess the stability of a catalyst. A steady current a
priori implies that the catalyst is stable inasmuch the depletion in substrate concentration is not
susbstantial. An important point is to ensure that the observed current is directed toward catalysis
producing hydrogen and not toward electrochemically driven degradation pathways. In that aim,
qualitative and quantitative analysis of the media and of the reaction products (H; here), e.g. with
the help of GC or a hydrogen sensor, are required.

The comparison of the charge Q,, passed into the cell during an electrochemical experiment

and the total amount of hydrogen produced nfozt gives the faradaic efficiency (1) or yield:

H
Nyot

e — Eqn. L.15
|2 F- Qtotl

nr

The faradaic efficiency thus directly relates to the ratio of electrons passed in the cell which
served for HER catalysis, regardless the amount of catalyst. This faradaic yield then gives an
indication of the stability of the operating catalyst. The highest it is (ideally 100%) the most stable
the catalyst is.

We note here that if the experimental setup allows for the time-resolved determination of
hydrogen production rate v2(t), an instantaneous faradaic yield nr(t) might be calculated,

through:

_ vt Eqn.1.16
nr(t) = 2 F (0] qn. L.

where i(?) is the current flowing at the electrode.

1.14.2. Turnover number: TON

The time-extensive value total turnover number (TON) refers to the total number of catalytic

turnovers realized by a single catalyst before its deactivation. "
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It has been proposed very recently’ to extract from the electrolysis data a maximum turnover
number TONy;,, which reflects the maximum of catalytic cycles a catalyst is able to perform
before deactivation. Interestingly, it directly links the global rate constant for catalysis k.. to the

rate constant of the deactivation process k.. by the relation:

kCllt

kdeact

TON,;,, = Eqn. 1.17
This intrinsic value for a catalyst is thus a view of the competition between the catalytic
process steps and the deactivation processes. The highest the TONy;, is, the longest the catalyst

catalyzes hydrogen evolution.

1.1.5. Device-related specifications

Along with metrics related to intrinsic parameters of the catalyst, it is also necessary to
benchmark the activity of a given catalyst under real conditions corresponding to operation within

a WS device.

1.1.5.1. Tolerance toward oxygen

In such a device, water is split into H, and O, in the cathodic and anodic compartments,
respectively. Whatever the construction type, a certain amount of both gases will likely diffuse in
the opposite compartment. Especially, at the cathode, small concentrations of O, might then be
present.

It is thus important that the HEC can reduce protons in the presence of oxygen.'® The
thermodynamic potentials of the oxygen reduction reactions (ORRs) yielding reactive oxygen
species (ROS), as hydrogen peroxide or superoxide, are more positive than the one for the H'/H,
couple. Except if O, is preferentially reduced by 4 e into H,O, ROS production can hence occur
at the cathode which is poised at a potential reductive enough to reduce protons.

In the case where the presence of O, inhibits the catalyst, by irreversible binding or by
oxidative destruction due to ROS formation, the hydrogen evolution is hindered. As a note, this
issue is particularly well known for hydrogenases, most of them being deactivated by O,."”

To overcome the O,-sensitivity, two solutions arise. The first one is that the catalyst is
designed to partake to ORRs without being deactivated in the process. Although the apparent rate
and the faradaic yield for hydrogen evolution decreases because of this side-reduction, there is

ideally no irreversible destruction of the catalyst. In the other option, the catalyst is, by synthetic
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construction, selective for proton reduction over O, reduction. If this construction is done
successfully, the presence of O, has no apparent impact on hydrogen production.

The optimal oxygen-tolerant catalyst would selectively reduce protons under oxygenic
conditions, without suffering from deactivation due to O,. If shielding strategies exist to protect
catalysts from the presence of O,,'® it is clear that an intrinsically O,-tolerant catalyst offers a

noticeable advantage for the use in WS devices.

1.1.5.2. Operation in water

The broad majority of studies on HEC are performed in organic solvents, permitting the use of
selected proton sources. Of course, the solvent of choice for a viable water splitting device is
water. It is thus important that the catalyst assessed in organic solvents also displays catalytic
activity and extended stability in water. If the catalyst is prone to hydrolysis by water, it will then
decompose to form a species which might or not be active for hydrogen evolution. On this,
several controversies have been reported in the literature for molecular HECs that degrade under
turnover and form heterogeneous species, active for hydrogen evolution.” This point is
misleading on the exact nature of the catalytic species.

Thus, the retention of the structure of the catalyst under turnover conditions in aqueous media
1s an asset towards its integration in device.

Moreover, we note here that if the catalyst in not directly water soluble, this issue might be
advantageously bypassed through its immobilization onto an electrode. This approach indeed
constitutes an important step forward in regard to the integration of catalysts in device. This point

will be discussed later on.

1.2. Earth-abundant molecular electrocatalysts for
hydrogen evolution

After having set the relevant parameters for their evaluation, we will give a short overview of
some families of molecular catalysts for hydrogen evolution present in the literature. There are
hundreds of molecular catalysts that have been reported so far.'” A comprehensive description of
this literature would not only be a lengthy review but also irrelevant in the frame of this work.
Instead, we will focus on earth-abundant only molecular catalysts. Even tighter, we will give
major characteristics with restriction to the families of compounds featuring the highest
efficiencies with regard to the above-mentioned metrics. To this, additional interest will be drawn
toward the designs integrating these catalysts onto electrode surfaces, in line with the project

developed in the current manuscript.
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But first, it should be noted that the development of these hydrogen-evolving catalysts, whether
they are bio-mimetic, bio-inspired, or not, has broadly exploited the essential concepts lying at the
active site of hydrogenase enzymes. Thus, these general concepts will be introduced in a short

foreword.

1.2.1. Bio-inspiration: Concepts borrowed to nature

Hydrogenases are enzymes which catalyze the interconversion of protons into hydrogen at the
thermodynamic equilibrium potential. The first crystallographic structures have been reported
during the late 90’s."” Among other structural characteristics, the hydrogenases have very specific
active sites, whose nature usually defines the group in which they are classified. This active site
features two iron atoms for [FeFe] hydrogenases and one iron, one nickel for [NiFe]
hydrogenases. The composition of the active sites is a key factor for the activity of these enzymes.

For the sake of simplicity, we will consider the case study of [FeFe] hydrogenases, but similar
concepts apply in [NiFe] hydrogenases.

The typical active site of the majority of [FeFe] hydrogenases is made of 2 iron atoms, bearing

CN™ and CO ligands, and that are linked through an azadithiolate (adt*") bridge (Figure 1.4, left).”

NH
[S4Fe4]\8 3 ( oc i Sé SS
OCIII:,,\K\\ \\\\%" wnCN NCI::,\(“‘\\\%; /
Fe Fe' ‘Fe Ni \
o o
[FeFe] hydrogenase [NiFe] hydrogenase

Figure 1.4. Active sites of [FeFe] (left) and [NiFe] (right) hydrogenases. Blue symbols indicate metal
atoms that participate in metal-hydride bond formation; green symbols indicate pendent bases; red arrows
indicate open coordination sites.

The reduction of proton is a 2-electron, 2-proton process. Hydrogen evolution occurs through
the heterolytic coupling of an hydride bond to an iron atom with a proton. This process is
permitted thanks to, at least, three important features of the active site. First, the redox cycling
necessary for HER catalysis occurs on one of the Fe atom. This atom displays redox properties
appropriately tuned by the other metal site. Second, an open coordination site is also available on
this Fe atom. A proton can be captured at this coordination site and stabilized in the form of an
iron-hydride bond. Third, a proton is believed to be taken very close to this hydride through the
nearby amino base on the adt” bridge.'” The presence of this nearby amino base is thought to
facilitate the step of heterolytic formation of the H-H bond between the hydride and a proton
(Figure 1.5, right).
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Figure L.5. Proposed catalytic mechanism for H, evolution and uptake at a [FeFe] hydrogenase active
site'” (left) and putative intermediate during proton reduction by [FeFe] hydrogenase showing importance
of the proximate basic group (right). Reproduced and adapted with permission from ref'’, copyright 2014
American Chemical Society.

These features have been widely utilized to design molecular bio-inspired HEC. Basically,

they are:

- A metallic center which can be reduced or oxidized at moderate potentials. They are
usually d-block transition metals in their usual oxidation states.

- A coordination site which is vacant for the formation of metal-hydride bond, or which
becomes vacant after the exchange of a labile ligand. Such sites are often formed by
reductive elimination of a ligand.

- A proximal basic group which is able to capture and deliver protons at the vicinity of the
reactive center. This group is often called a proton relay. ldeally, the hydride acceptor
ability of the metal and the proton acceptor ability of the base should be in good energetic
matching to stick to reversibility.'”?' Also, the vicinity of the proton attached at the proton
relay facilitates proton-coupled electron transfer (PCET) steps that participate in decreasing

the energy of intermediate states.

1.2.2. A rapid tour through the most efficient HECs

Bio-mimetic and bio-inspired HECs have been widely studied the last two decades.

Biomimetic catalysts tend to faithfully reproduce the structures of the active site of hydrogenases,
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and rely on Fe and or Ni centers. Although they provide very insightful details for the
understanding of mechanisms at stake for HER, they usually suffer from very poor stability.*
Bio-inspired complexes only keep the essential ideas and may prove much more efficient.
Bio-inspired or not, only selected classes of effective catalysts are presented here. For the
majority of the families described below, one of their representative examples has been subjected
to rational benchmarking through the catalytic Tafel plot given in ref'’ and presented in Figure

L.3.

1.2.2.1. Porphyrin-based catalysts

Porphyrinic metal transition complexes have been one of the early examples of molecular
catalysts for hydrogen evolution,” even prior to the structural determination of hydrogenases.

236,24 02323025 o1 Ni%° surrounded by a symmetrical

They usually involve metallic centers as Fe,
or derivatized porphyrinic ring.

Savéant and co-workers namely reported a symmetric iron porphyrin [Fe(TPP)Cl] (Figure 1.6,
left) able to reduce protons at high TOF,,x (in the 10°s™! range, Figure 1.3).%° However, this type
of catalysts commonly displays high overpotential requirements, e.g. [Fe(TPP)Cl] reaches
TOFax at @ 900 mV overpotential. Besides, they show remarkable long-term stabilities joined
with near unity faradaic efficiencies for HER. This point is quite noteworthy in the case of the
[Fe(TPP)Cl] complex, since most of the molecular HECs involving an iron center (the most
abundant transition metal on the earth) usually suffer from poor stability.”’ Similar iron

porphyrins modified with hydrophilic groups have shown activity in neutral aqueous media, while

retaining a steady activity over hours.*

[Fe(TPP)CI] [Co(HPX-CO,H)]

Figure 1.6. Selected examples of porphyrin-based catalysts.

Another major interest is that these porphyrinic complexes provide a relevant backbone for the
mechanistic studies. Nocera and co-workers have produced a series of so-called hangman

porphyrins featuring pendent acido-basic groups. The acido-basic group can be a sulfonic®* or a
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2425.26 a¢id ([Co(HPX-CO,H)]; Figure 1.6, right) or an amine®* and is located just upon

carboxylic
the metallic center. Elegant studies show that the presence of this proximate proton relay
facilitates PCET reactions. This feature participates in decreasing the overpotential for hydrogen
evolution and increasing the TOF.**** ** Of note, a related striking achievement has been reached
by Savéant and co-workers through incorporation of H-donating groups in the FeTTP backbone,

but regarding the reduction of CO, to CO.”®

1.2.2.2. Nickel bisdiphosphine complexes: “Dubois’ catalysts”

These catalysts are based on a nickel metallic center coordinated to two diphosphine ligands in
a square planar geometry. Both ligands bear one or two pendent amino groups, referring to the
[Ni(P2*N2")21™ or to the [Ni(P,XN®),] ™ type, respectively. These catalysts have been widely
studied during the last 10 years, with major, not to say exclusive, contributions from the group of
D. Dubois. This is the reason why this class of catalysts is commonly nicknamed “Dubois’

catalysts”.*"
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[Ni(PzPhNPh)2]2+

HO_~© [Ni(P2CYN,A™9),]7*

NH,
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Figure 1.7. Selected examples of nickel DuBois’ catalysts.

These complexes are the class example of bio-inspired catalysts since the presence of a proton
relay under the form of pendent amines in close contact with the metal center was shown to
enhance the rate of H, activation.”' They prove very efficient for hydrogen evolution, with TOFs
estimated in the range of 10 to 10° s for the [Ni(PZRNzR’)z]l1+ series.”’ As expected, the variation

of the basicity of the amino group, i.e. its ability to deliver protons, has a direct impact on catalytic
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turnover. Roughly, the TOF increases as the acidity of the protonated amine increases, although
other effects interfere in this trend.*”

Of note, switching from two amino dangling groups per ligand for the [Ni(P;""N;""),1**
complex to only one for the [Ni(P,""N™),]** complex improves the TOF for HER by two orders
of magnitude.’® This result has been attributed to the inactive conformation of protonated forms of
the diamino-diphosphine P,"™N,™ ligand.” However, the overpotential requirement of this
complex is larger than for other series of catalysts."

The [Ni(P2*N2"™)2]™ series was initially shown to perform HER catalysis from fully organic or

2 Recent developments have led to [Ni(PzRNzR’)Z]n+

mixed organic aqueous media.>"
incorporating ligands with hydrophilic groups, as carboxylic acids®' or arginine-derivatives,** that
render the whole complex water-soluble. Nearly reversible hydrogen evolution and uptake has
been observed in fully aqueous acidic media with [Ni(P,"YN;*"®),]”*, though at elevated
temperatures.’>* Maximal TOFs have been reported in the range of 10% s~ for pHs between 0 and
1, but the activity dramatically decreases as soon as the pH exceeds 2.

The [Ni(P*N,¥),]™ have also been utilized for immobilization onto electrodes, yielding very

efficient catalytic materials.” This point will be further expanded later.

1.2.2.3. Earth-abundant metal polypyridinic catalysts
This class of catalysts is characterized by an EA transition metal coordinated to a ligand that
displays several pyridinic moieties. While parent [Co(bpy)a]** (n =1, 2, 3) complexes had already
been studied in the early 80’s by Sutin and co-workers for photocatalytic hydrogen evolution,**
this series of polypyridinic complexes has been reinvestigated for HER only very recently.
Initiated by the studies of J. Long, C. Chang and co-workers from 2010, the development of these
catalysts has been raising interest of the WS community up.*”

35a, 37

The structures are usually constructed around a Co*® or Mo metallic center. The diverse

36¢¢ or phenantroline®

polypyridinic ligands mainly feature derivatized pyridine,*® bipyridine
moieties. These moieties chelate the metallic center through several aromatic nitrogen and let one
or two available coordination sites on the metal. A strong o-donor ability and a metal-to-ligand n-
back bonding are provided by the pyridinic ligands. This property tends to stabilize the low
oxidation levels of the metallic center, which are key states for catalytic hydrogen evolution. In
addition, the aromatic nature of these pyridinic moieties makes them very stable toward
hydrogenation that is thought to occur on some non aromatic imine or oxime based ligands.*®

Interestingly, neutral polypyridinic ligands generally yield charged complexes (+1 or most

commonly +2). With an appropriate choice of the counter-anion(s), most of them are water-
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soluble complexes. Although this point is not restricted to polypyridinic-based catalysts, it has
often been invoked as a figure of merit for this family.*®® Namely, water solubility allows them to
evolve hydrogen from aqueous media.

For instance, [Mo(PY5Me,)O]** (Figure 1.8, left) has been shown to produce hydrogen from a
fully aqueous solution at neutral pH, with TOFs in the range of 10' s™'.>>* Extensive electrolysis
(72h) at unity faradaic efficiency revealed that the catalyst is preserved over time, which validates
the use of a polypyridinic ligand backbone. As a counterpart, the overpotential requirements for
hydrogen evolution stay quite large, probably due to the stabilization of low redox level on the

metal (onset overpotential at 520 mV for [Mo(PYSMez)O]2+ at pH 7).

2+
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[Mo(PY5Me,)0]?*  R=H  [Co(PY5Me,)H,0]%* [Co(ppq)Cl,]

R=CF3 [Co(CF3;PY5Me,)H,0]%*
R=NMe; [Co(NMe,PY5Me,)H,0]2*

Figure L.8. Selected examples of polypyridine-based catalysts.

Redox properties might be modulated by introduction of electron-donating or withdrawing
groups36b ([Co(RPY5Me)H,01** series, Figure 1.8, middle) or by changing the denticity of the
ligand (4 or 5-coordinated metal).’®> *°® Namely, redox-active ligands, like phenanthroline®®’
([Co(ppq)Cl;], Figure 1.8, right), have been introduced to act as electron reservoirs. This design
may favor ligand-centered processes at potentials less cathodic than the ones required to reach the
low oxidation states of the metal that are usually necessary for proton reduction.

The presence of a nearby pendent base has been proved to directly improve the efficiency of

>l 1t is hence surprising to note that, to the best of our knowledge, no

molecular HECs.
polypyridinic type catalyst has been developed to date with integration of a pendent base at the
ligand. However, the development of this class of catalysts being relatively new, it is likely that

future studies will soon provide original designs as well as more insightful mechanistic details.

1.2.2 4. Bisglyoximato cobalt complexes

These catalysts are made of a cobalt center bearing two glyoximato-type equatorial ligands and

two other trans axial ligands and usually referred to as cobaloximes. If the first occurrence of
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these complexes dates back from the beginning of the twentieth century,® their use as catalysts
for proton reduction was only stated much later by Lehn in 1983* and further by Espenson in
1986.*' Following simultaneous reports of the group of J. C. Peters* and ours™ in 2005 on the
electrocatalytic activity of these complexes for HER, extensive studies have appeared during the
last 10 years.** These catalysts indeed show very high efficiency together with low overpotential
requirements. This compromise is well illustrated by the [Co(dmgH),PyCl] on the comparative
Tafel plot in Figure 1.3.

Usually synthetized as Co" or Co™

complexes, the positive charge is partially compensated by
deprotonation of one oxime moiety on each ligand. This deprotonation allows the formation of
two hydrogen-bonded O-H:-O bridges yielding a pseudo-macrocyclic tetradentate ligand.
Alternatively, the bridging hydrogen atoms might be replaced by difluoroboryl groups upon

treatment with BF3-Et,0.*4
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Figure 1.9. Selected examples of cobaloximes.

Interestingly, the R substituents on the glyoxime ligands, noted as dRgH,, permit to tune the
redox properties of the complex. For instance, a more electron-withdrawing group diminishes the
driving force for reduction on the metal center. But on the other side, this shift decreases the
basicity of the catalyst and disfavors the protonation steps. As a result, the catalytic activity of the

complex is decreased and hydrogen may be evolved with strong acids only.44b Such opposite
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effect was observed namely by switching from methyl moieties on the dimethylglyoxime ligand
(dmgH>) to more electron-withdrawing phenyl moieties on the diphenylglyoxime ligand (dpgH>)
([Co(dmgBF);]** and [Co(dpgBF2):]**, Figure 1.9 middle and right, respectively).” ** This

change shifts the potential of the Co™"

wave ca 300 mV more positive, but the activity for
hydrogen evolution is lowered and only possible with highly acidic proton sources. Similar
opposite effects have been noticed also going from H-bridged cobaloximes to BF;-annulated
ones.” ** As a consequence, it was concluded that tuning the equatorial ligands was not relevant
to improve the catalytic properties of cobaloximes. In a broad manner, this dual behavior might be
extended to other families of proton reduction catalysts.*

However, in the case of cobaloximes this statement is not true for the axial ligands. On this, a
series of cobaloximes bearing a pyridine derivative on one axial position have been studied.*
During catalytic cycle, the pyridinic axial ligand is believed to stay coordinated to the cobalt at the

CV timescale, while the formation of a Co™

-hydride bond in frans is postulated. Variations of the
substituent in the para position of the axial pyridine have direct influence on the subsequent
protonation of the hydride vyielding H,; ([Co(dmgH),PyCl], [Co(dmgH),Pyxme2Cl],
[Co(dmgH),PyconnmuCl], Figure 1.9, left). More electron-donating groups (NMe, > H >
CONH7Bu) increase the basicity of the postulated hydride, thus favoring the final step and
improving the catalytic activity.*®

This interpretation relies on the formation of H, through an ECEC heterolytic mechanism.
Discrimination of such a mechanism has been subject of several contradictory reports.”® 47
Theoretical computations have now led to the consensus that this pathway should occur through a
Co™-H hydride further reduced to Co"-H.*® Yet, to date, the intermediate hydridocobaloxime
Co"-H species could not be isolated.” It should be pointed out that such a Co™-H is putatively

highly reactive or could exist as a tautomer.”® Hence, the direct observation of the Co™

-H may be
extremely challenging, which does not discard this hydride as a possible intermediate in hydrogen
evolution catalyzed by cobaloximes. Current investigations in our laboratory are dedicated to shed
more light on mechanisms for HER catalyzed by related cobaloximes.”'

This task is also being complicated by the relative low stability of the cobaloximes. Indeed, the
H-bridged forms are prone to undergo hydrolysis of the bridge under acidic conditions with
concomitant decoordination of one equatorial ligand.*"* * The stability of the complex is improved
with BF;-annulated species.42 For instance, in media more acidic than pH 5, H-bridged

; 47
cobaloximes are not stable whereas BF,-annulated ones are for several hours.
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However, the nature of the true active entity has been recently questioned in several reports.”
Actually, in specific acidic conditions the equatorial ligand was shown to be subjected to
electroreductive hydrolysis of the imine and hydrogenolysis of the oxime bonds.** >

In an attempt to overcome the low stability of this set of complexes, our group developed some
years ago a second generation of catalysts borrowing main features to cobaloximes.”® These
catalysts are constructed around a diimine-dioxime tetradentate ligand, which ensures a higher
stability of the complex while permitting to conserve activity for hydrogen evolution.

This new generation of cobalt diimine-dioxime catalysts will be the point of the third part of

the present introduction.

1.3. Cobalt diimine-dioxime catalysts

Cobalt diimine-dioxime catalysts lay at the core of the work developed in this manuscript. This
section is dedicated to their description in this scope. Main features described here have been
developed in a recent account by the group, which is added as an appendix of the manuscript
(Paper 1).> First, a short historical background will be drawn. Then, we will turn to the synthesis
of the complexes and the related characterizations. A third part will concern the mechanism for
HER catalyzed by these complexes. Finally, their utilization in homogeneous light-driven systems

for proton reduction will be reported.

1.3.1. Once upon a time...

The adventure of the cobalt diimine-dioxime complexes sprang up with the elucidation of the
structure of vitamin Bj; in the 50’s. Vitamin Bj,, or cobalamin, was simultaneously isolated for
the first time by Folker and by Smith in 1948.°° Crowfoot-Hodgkin issued in 1955 a first
crystallographic structure,”’ work for which, among others, she was awarded the 1964 Nobel Prize
for Chemistry. The structure revealed a cobalt complex in a hexagonal geometry (Figure 1.10,
left). The central cobalt atom is 4-coordinated through the aromatic nitrogen atoms of an
equatorial corrin ring. This multisubstituted corrin namely bears an arm whose terminal
benzimidazole acts as axial ligand for the Co center. A cyanide was first believed to be the second
axial ligand. But Barker demonstrated in 1958 that the cyanide ligand was an isolation artifact and
that the second axial ligand in the biologically active form of this enzymatic co-factor was instead
an adenine nucleoside.”® A new crystallographic study by Crowfoot-Hodgkin surprisingly showed

that this axial ligand was bound to the cobalt through a metal-carbon o bond.” This work
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therefore contained the first evidence of a native organometallic compound within a biologic
environment.”

The unsual organo-cobalt structure was particularly interesting for chemists. Under its active
super-reduced form By the cobalt is at the formal +1 oxidation state and was demonstrated as
being a powerful nucleophile.”® For instance, oxidative additions of various organic moieties on
this reduced center result in Co™ organo-metallic compounds. The particular reactivity of the B
state is central for the biological activity of this enzymatic cofactor.*’

Similarly, in the presence of protons this super-reduced state was believed to produce a Co™
hydride.’® ® In the course of this step, the shift from an oxidation state of +1 to +3 translates in
the gift of 2 electrons to the substrate. This 2-electron stoichiometry is indeed particularly relevant
for catalytic proton reduction. More emphasis will be given on these points later.

In order to facilitate the study of the quite unique chemistry related to vitamin Bj,, several
groups, among which the ones of Costa and Schrauzer,”* developed in the 60’s cobalt complexes
that structurally mimic vitamin Bj, organo-metallic center. With backbones much simpler
compared to the enzymatic co-factor, cobaloximes (Figure 1.10, top right) represented a first
generation of bio-mimetic vitamin B, models. But cobaloximes feature a di-charged coordination
sphere whereas in vitamin By, the corrin equatorial ligand is a mono-charged anion. Hence, to get
closer to the structure of the metallic site in vitamin B, Costa and co-workers synthetized a new
set of mimics.®” In this series, the two glyoximato ligands of cobaloximes have been fused into
one single, mono-charged, tetradentate moiety, by introduction of a propyl bridge: cobalt diimine-

dioxime complexes were born (Figure I.10, bottom right).
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Figure 1.10. Vitamin B, (R = H,O, CN", CHj;, adenosyl,...), cobaloximes and cobalt diimine-dioxime
complexes.
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In the 80’s, the groups of Sutin®** ® and Lehn** * demonstrated the possibility to use cobalt
complexes as catalysts for light driven hydrogen evolution. These reports paved the way to
extensive studies during the first decade of this millenium on the utilization of cobalt-based
species, among which are cobaloximes, in the frame of artificial photosynthesis.**** As said
above, the relatively low stability of cobaloximes has lead our laboratory to report from 2009 on
the development of cobalt diimine-dioxime complexes as a new generation of catalysts for proton

.54
reduction.

1.3.2. Synthesis

The general structure of the ligand is Nz-Nz’-alkyldiylbis(butan-2-imine-3-oxime), abbreviated
as (DOH);R, where R indicates the nature of the bridging alkyl group. We will focus in the
present manuscript on propyl-bridged diimine-dioxime, written as (DOH),pn, and their analogues

derivatized on this bridge.

1.3.2.1. Synthesis of [Co(DO)(DOH)pnL,]

The synthesis of the simple (DOH),pn ligand was first described by Uhlig and Friedrich® in
1966 and repeated by Costa and co-workers.”® The synthesis is a one step Schiff base
condensation of 1,3-diaminopropane onto 2,3-butadione monoxime yielding the expected N*-N* -
propanediylbis(butan-2-imine-3-oxime) (DOH),pn. This procedure although gives low yields and
was further improved by Marzilli and co-workers,*® inspired from a work of Finke and co-
workers®” and performing the reaction with a dean-stark apparatus (Figure 1.11, top).

Metallation is usually achieved by addition of a cobalt divalent salt (CoCl,, CoBr;) while
bubbling air into the solution (Figure 1.11, middle). These smoothly oxidizing conditions allow
the formation of the Co™ species [Co™(DO)(DOH)pnL,]. The obtained complex adopts an
octahedral configuration, with four equatorial positions occupied by nitrogen atoms of the
diimine-dioxime moiety and two trans axial ligands L. Meanwhile, deprotonation occurs on one
oxime of the (DOH),pn, yielding a —1 charged (DO)(DOH)pn™ ligand. Favored by the formation
of an O-H--O hydrogen bridge, this deprotonation provides the overall neutrality of the
[Co™(DO)(DOH)pnL,] complex. The presence of a hydrogen bond between oximato oxygen
atoms is confirmed by a highly unshielded nuclear magnetic resonance (NMR) shift at ca 19 ppm.
The exchangeable proton is replaced by a difluoroboryl group through reaction with BFs-Et,0, to
give the [Co™((DO),BF,)pn)L;] complex (Figure I.11, bottom).>*

The replacement of the halogen L ligands by water, for instance by precipitation of Br into

AgBr after addition of AgNOs, leads to the di-charged bisaquo [COIH(DO)(DOH)pn(H20)2]2+
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complex.®® Alternatively, aquation also slowly occurs by dissolution of [Co™ (DO)(DOH)pnL;]

in water.
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Figure I.11. Synthesis scheme of ligand (DOH),pn, [Co(DO)(DOH)pnL,] and [Co((DO,)BF,)pnL,;]
complexes (L = CI, Br).

Coordination of a phosphine ligand is known to stabilize low oxidation states at the metal.
Hence, an axial phosphine ligand, e.g. triphenylphosphine PPhs, can be introduced at the Co' state

111

obtained by chemical (NaBH,) or photochemical reduction of the Co™ complex and generates the

[COI(DO)(DOH)pnPPh3] species.5 4,69

1.3.2.2. Synthesis of bridge-derivatized [Co(DO)(DOH)pnLn]complexes

In the frame of studies related to understanding and mimicking the activity of cobalamin,

III(DO)(DOH)anz] has been investigated. In the natural co-factor, one of

derivatization of [Co
the axial ligands, the benzimidazole one, is covalently linked to the equatorial corrin. To stick
closer to this structure, Marzilli and co-workers synthetized a diimine-dioxime ligand whose
propane bridge bears a pendent arm decorated with a pyridine which comes as an axial ligand of
the cobalt.”

juii

The development of [Co ™ (DO)(DOH)pnL,] immobilized electrodes for their integration in

PEC devices has lead our group and others to consider the derivatization of the bridge as an
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opportunity to introduce anchoring groups.'* ”' The two main synthetic pathways followed until

now are described here.

1.3.2.2.1. Synthesis of azido derivative
This pathway is based on a strategy developed by our group to use click-chemistry reactions,
and in particular the Huisgen azide-alkyne cycloaddition (AAC),”” to covalently attach the

catalyst onto surface.'*

OH (tBoc),0 OH MsCl OMs
E—— _—
HoN NH, BocHN NHBoc BocHN NHBoc
l NaN3
N3 HCl gas N,
D ——
CI'HzN*  NHg*Cr BocHN NHBoc
\”/LN/OH l
O
N3
CoL2
N N /t o
z A (
I _ 02 bubbling
L0
OH OH
(DOH),;N3pn [Co(DO)(DOH)N;pnL,]

Figure 1.12. Synthesis scheme of the (DOH),Nzpn ligand and of the [Co(DO)(DOH)N;pnL,] complex
(L =CI, Br). tBoc: fert-butyloxycarbonyl; Ms: mesylate.

The bridge is first derivatized starting from the commercially available 2-hydroxy-1,3-
diaminopropane and following a procedure from the literature (Figure L1.12).”° After rBoc
protection of the amine functions, the hydroxyl group is activated by conversion into mesylate. A
nucleophilic substitution yields the azide intermediate. Amines are deprotected under acidic
conditions and converted to imines by a the Schiff base condensation with 2,3-butadione
monoxime. The obtained N?,N*-2-azidopropanediylbis(butan-2-imine-3-oxime) ligand, noted as
(DOH);N3pn, is metallated as described above to give the azido-derivatized complex
[Co™(DO)(DOH)N3pnL;]. The presence of the azide group will give access to the toolbox of
AAC.
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1.3.2.2.2. Malonic-like synthesis

This synthetic pathway has been proposed by Reisner and co-workers and involves the
functionalization by benzylic groups on the propyl bridge (Figure 1.13).”"

A first condensation between 4-bromobenzaldehyde and malononitrile, followed by reduction
with NaBHy, gives the mono-substituted bridge. This platform is further substituted with a second
4-bromobenzyl group under smoothly basic conditions. A Pd-catalyzed cross-coupling reaction
then replaces the aromatic bromine by phosphonate esters, before borane reduces nitrile functions
into amine ones. At this stage, 2,3-butadione monoxime is condensed in the presence of cobalt
bromide to directly yield the expected complex bearing phosphonate esters. The selective

deprotection of these esters with trimethylsilyl bromide (TMSBr) affords the complex

functionalized with phosphonic acids as putative anchoring groups.
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Figure I.13. Synthesis scheme of the benzylphosphonic-functionalized [CoIH(DO)(DOH)anz]
complex. TMSBr: trimethylsilyl bromide.
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A similar synthetic pathway has been used to produce a heterosubstituted complex bearing a

phosphonic acid grafting moiety and a pendent pyridine as Co axial ligand.”"* 74b

1.3.3. Hydrogen evolution: performance and mechanistic issues

Hydrogen evolution catalyzed by [Com(DO)(DOH)anz] has been assessed by electro- and
photochemical measurements. We will first discuss here electrocatalytic studies, which namely
allow drawing a mechanistic scheme of HER catalyzed by this complex. The proposed

mechanism is further supported by DFT studies.

1.3.3.1. Electrocatalytic behaviour

The voltammogram of [Co™

(DO)(DOH)pnBr;] in acetonitrile displays two monoelectronic
redox waves at —0.57 and —1.11 V vs Fc™ attributed to the Co™" and Co™ processes,
respectively (Figure .14, top).”* While the Co™ process shows a reversible behavior, the process

1T

assigned to Co™ to Co" reduction is only partially reversible. This observation might be explained

'to the Co" level. X-ray

by the loss of the two bromide axial ligands upon reduction from the Co
absorption spectro-electrochemical measurements confirm this hypothesis.”

Upon addition of acid in the electrolyte, the development of a catalytic wave is observed,
growing in intensity with increasing acid concentrations. This wave raises at potentials anodic

compared to the Co™"

couple. The extent of the anodic shift also depends on the strength of the
acid used: the higher the pKa, the larger the shift of the catalytic wave. By contrast, the
difluoroboryl-annulated complex [Com((DO)zBF »)pnBr;] reveals a catalytic wave that develops

. 1
sumperimposed on the Co'

couple (Figure 1.14, bottom). In both cases, near unity faradaic
efficiencies and TONs in the 10s range are reported for hydrogen evolution during 3-hour
extensive electrolysis at the potentials matching the respective catalytic waves. These
observations clearly point out the role of the O-H--O bridge, which is likely protonated during the
catalytic cycle, in proton reduction realized by [COIH(DO)(DOH)pnBrZ],

The catalytic performances have been assessed in a wide range of organic acidic conditions.
With acid pK,s from 7.6 to 12.6 the overpotential (E.,,2) remains within a 220-290 mV window,
taking into account the homoconjugation of the acid.* > Based on the overall pool of catalyst in
the electrolyte solutions, extensive electrolyses give TOFs comparable to cobaloximes in similar

conditions.”* However, a benchmarking through a catalytic Tafel plot would be valuable for the

cobalt diimine-dioxime catalysts.
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Figure 1.14. Cyclic voltamogramms of [COHI(DO)(DOH)pnBrz] (top) and [COHI((DO)ZBFZ)pnBrz]
(bottom) recorded in CH5CN (0.1 M nBu,BF,) at a glassy carbon electrode with a scan rate of 100 mV-s '
in the absence of acid (black lines), in the presence of p-cyanoanilinium (red lines; 1, 3, 5, and 10 equiv.)
or cyanoanilium (blue lines; 1, 3, 5 and 10 equiv.) tetrafluoroborate. Note the shifted horizontal scales used
to center graphs on the Co""' waves.

Peters and co-workers reported on the activity of the complex [CoIH(DO)(DOH)pn(HZO)Z]2+
in fully aqueous media.®® In a phosphate buffer at pH 2.2, an overpotential (Egyset) around 260 mV
was observed for a wave the authors assigned to hydrogen evolution by the above-mentioned
complex. Changing the buffer, thus the pH of the solution, they also showed an effect of the
acidity of the media on the potential of this wave. Decreasing the pH translates in a positive shift
of this wave, suggesting a PCET process. However, we will provide later in this manuscript a

distinct interpretation of these results.

1.3.3.2. Theoretical studies

DFT calculations have been performed by collaborators of the group, Field and co-workers, to
further elucidate the possible pathways for hydrogen evolution.”® By computing energies and

related potentials of all plausible intermediates using B3LYP and BP86 functionals, a logical
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mechanistic path has been tentatively proposed. Calculated potentials are in good agreement,
within methodological errors, with the ones experimentally measured.

The proposed mechanism is presented in Figure 1.15. This mechanism starts from a Co'L
complex obtained from the reduction of the Co"'L complex, where L is the (DO)(DOH)pn™
ligand for the ongoing paragraph. Solvent axial ligands, which might be present after loss of
halide ligands at the Co"L state, are omitted here for the sake of clarity. The one-electron
reduction to Co'L occurs with a concomitant protonation of the O-H--O bridge to yield the Co'LH
in a PCET process. Depending on the acid strength and based on the moderate shift of the Co'M
wave recorded in the presence of acid (Figure 1.14), it is however likely that a certain ratio of the
complex is already protonated at the Co" state (Co"LH). Nonetheless, the potential computed for
the Co"L/Co'LH couple is found more positive than the one for Co"L/Co'L, also in line with
calculations performed by Hammes-Schiffer and co-workers.”” These calculations giving a more
positive Co"L/Co'LH potential provide explanation for the anodic shift observed in CV upon
addition of an acid.

Cco''LX,

e’ l -X2

Entry point

inactive compounds -=-——

Co'HLH E, = 90 kJ-mol!

Figure I.15. Proposed pathways for hydrogen evolution catalyzed by [Co™(DO)(DOH)pnX,].
Structures shown have been optimized by DFT and solvent axial ligands have been omitted for clarity.

111

A second PCET step, i.e. the formation of the Co HLH hydride and a further reduction, leads

to the Co'-hydride species Co"HLH. The computational values for this PCET step give the
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Co'LH/Co"HLH couple at a potential even more anodic than the Co"L/Co'LH couple. This
comparison evidences the possibility for the catalytic cycle to develop on the Co"L/Co'LH wave,
consistently with the shape observed in CV.

Finally, hydrogen evolution occurs via protonation of the Co' hydride, releasing H, and the
possibly deprotonated initial Co"L complex. Intramolecular protonation is believed to occur at the
active site of hydrogenases during the formation of the H-H bond. A similar process might be at
stake here, involving an oximato proton, the activation energy found around 90 kJ-mol ™" being in

good line with other reports concerning enzymes or HER catalysts.>

1.3.3.3. Discussion

The mechanism proposed here involving two PCET processes exemplifies the role of the O-
H--O bridge as a proximal proton relay. Protonation at the bridge indeed facilitates the reduction
processes at the metal center and makes the electrocatalytic potentials to adapt to varying acidic
conditions. This feature is very reminiscent to hydrogenase active sites or the bio-inspired

DuBois’ nickel bisdiphosphine as illustrated in Figure 1.16."7

+
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[Co(DO)(DOH)pnL,] [FeFe] hydrogenase [Ni(8P,RNR),12*

Figure I.16. Proposed intermediate H, formation steps for HER catalyzed by [Co(DO)(DOH)pn] (left),
[FeFe] hydrogenase (middle) and [Ni(8P,*N¥),]** (right). R = cyclohexyl, R’ = 4-bromophenyl.”

Of note, in the case of [COHI(DO)(DOH)pnBI‘z], the electron density on the O-H--O bridge
might be correlated with the one on the metallic Co center, as a result of conjugation of the imine-
oxime moiety. Thus, increasing electron density at the metal upon reduction possibly renders the
oximato oxygen more electron rich, hence more basic. This increased basicity would favor
protonation of the O-H:--O bridge. But the protonated bridge would then withdraw electron density
from the cobalt center. This behavior could lead to two antagonist effects, similar to the ones
discussed earlier for the tuning of equatorial ligands of cobaloximes. On the one hand, an electron
poorer Co center is easier to reduce, lowering down the overpotential requirement in the presence
of an acid. On the other hand, the loss of electron density decreases the basicity of the Co hydride,
slowing down the formation of the H-H bond. Determining catalytic Tafel plots of the
[COIH(DO)(DOH)pnBl‘z] under different acid conditions would deliver insightful information to
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decipher the extent of both effects on catalysis. To conclude, one might also notice that this
electronic coupling does not occur, at least through bonds, at the [FeFe] hydrogenase active site

(not [NiFe]) nor with Dubois’ nickel bisdiphosphine catalysts.

1.3.4. Light-driven homogeneous catalysis

Toward a possible use to produce hydrogen as a solar fuel, [COIH(DO)(DOH)anz] have been
assayed in different homogeneous photocatalytic systems. These systems usually rely on a
photosensitizer (PS), a sacrificial electron donor (SED) and a source of protons. Several
conditions have been reported so far in the literature, with PS made of Ir- or Re-based compounds.
Alberto and co-workers have shown that the [COIH(DO)(DOH)pnBrz] operates both in an organic
solvent (DMF here) as well as in fully aqueous media.”

In fully aqueous systems, the SED is usually present in high concentrations (0.5 to 1 M) and
thus also acts as a buffer through its acido-basic behavior. Changing from triethanolamine
(TEOA; HTEOA'/TEOA pK, 7.8) to ascorbic acid (H,Asc; HyAsc/HAsc™ pK, 4.1) allows
switching from mildly alkaline (pH 7-9) to mildly acid operating media (pH 2-5). Studies
conducted under otherwise similar conditions and involving [Re(bpy)py(CO)3]" as a PS evidence
that the observed TONs for H, production reach optimal values at a pH close to the pK, of the
SED couples.”” ™ This phenomenon namely arises from the necessity of keeping high the
concentration of the SED basic form, which is the reductive quencher for the excited PS in the
photocatalytic cycle. However, the most acidic conditions with HyAsc/HAsc™ display TONs one
order of magnitude higher than alkaline ones and up to 90 per catalyst unit after 30 h of
irradition.””® This observation tends to demonstrate that [COIH(DO)(DOH)pnBl‘z] has an
improved activity in rather acidic media (ideally between pH 2 to 5).

Of note, [COIH(DO)(DOH)pnBrz] also displays enhanced long-term stability compared to
cobaloxime equivalents under similar conditions.””® This is in good agreement with the
electrocatalytic behavior and is a rationale of the tetradentate consolidated ligand design. Yet,
under conditions purposely optimized for an other cobalt polyimine catalyst,
[Co™(DO)(DOH)pnBr,] gives comparatively a quite moderate activity.*

However, benchmarking catalysts through their photocatalytic activity might be tedious. For
two catalysts, optimal photocatalytic conditions could actually be quite different. This point
probably reflects the numerous pathways that can be followed during catalytic cycles and that
depend on a wide set of parameters as the media, PS, SED and pH. For instance, our group was
able to improve the performance of [CoIH(DO)(DOH)anz] in homogeneous light-driven

systems through the utilization of an Ir-cyclometalated PS, operating in an equivolumic mixture of
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water and acetonitrile, though.69 With TEA as SED, the [COHI(DO)(DOH)pnBrz] lead to 300
TONs after 3 hours of irradiation before deactivation (Figure 1.18, left). Noteworthy, the
[COHI((DO)zBFz)pnBl‘z] complex only reaches 50 TONs under the same conditions, which
further supports the importance of the O-H--O bridge for catalytic activity.

A Solvent: Water
7 | | *
X X
HAsc" N |

1/, Hy
DHA
B
.
TEA H
TEA™

Solvent: / | \

MeCN/Water

(1:1 viv) /\

H* 1/5 Hy

Figure 1.17. Examples of photocatalytic systems used with [Co™(DO)(DOH)pnBr,]. (A) SED:
H,Asc/HAsc 1 M; PS: [Re(bpy)py(CO);]* 30 uM; catalyst 500 uM; solvent: water.”” (B) SED:
HTEA"/TEA 10% vol; PS: [Ir(ppy)2(bpy)]" 100 puM; catalyst 100 pM; solvent: water/MeCN (1:1 v/v).”
(C) Identical to (B) with 2 equiv. PPh; (200uM) added. DHA: dehydroxyascorbic acid.

One step further, the addition of triphenylphosphine (PPhs) in the mixture results in a 2-fold
increase in TONs realized by [Co™ (DO)(DOH)pnBr,] with prolonged activity (up to 700 TONs
in 10 h of irradiation; Figure 1.18, left). Phosphine ligands are actually known to stabilize low
oxidation states of cobalt complexes. For instance, this fact is illustrated by a 280 mV anodic shift
of the Co™" wave in the presence of PPhs. The UV-visible monitoring of the early phases of

photocatalysis shows noticeable differences in the spectroscopic signature with or without PPhs

(Figure 1.18, right).
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Figure I.18. TONs in H, vs time for photocatalytic systems comprising [COIH(DO)(DOH)pnBrz] 100
uM, [Ir(ppy)2(bpy)]* 100 uM, HTEA'/TEA 10% vol. without (black dots) and with PPh; (blue dots)
200uM in a MeCN/water 1:1 (v/v) mixture (left); UV-visible spectra of the same mixture after 60 s of
irradiation without PPh; (black line) or after 70 s of irradiation with PPh; (blue line) 100uM and of the
synthetized [Co"(DO)(DOH)pnPPh;] 100 pM (blue dashed line) (right).

With PPh; added, the appearance of a band centered at 638 nm indicates the formation of
[COI(DO)(DOH)pnPPh3]. A different UV signature is observed in the absence of PPhj, with two
bands at 602 and 678 nm. Similar bands are also found for many cobaloximes putatively reduced

at the Co' state.’*!

These observations prove that PPhs, which is coordinated in the axial position
in the Co' state, directly imparts the resting state of catalysis. Hence, tuning the axial ligand
provides an opportunity to enhance the catalytic activity, both for light-driven and electrochemical

systems. While [Co™

(DO)(DOH)pnBr;] is quite versatile for homogeneous photocatalysis
regarding experimental parameters and is namely able to operate in water, this opportunity opens

a window to further extend the conditions for light-driven HER.

1.4. Immobilized electrodes for HER

To facilitate the integration in device the immobilization of HER catalysts at the surface of
conducting electrodes is highly desirable. Staying consistent with the main idea of this work, we
will focus exclusively on electrode assemblies and not on heterogeneous systems where HECs
could be attached onto dispersed nanoparticles (NP), although similar anchoring approaches might
be exploited. As a start, some general considerations about the immobilization of molecular
proton reduction catalysts onto electrode will be set. Then, strategies used to attach molecular
HECs onto surfaces will be described and briefly exemplified with relevant supported EA
molecular catalysts for proton reduction. Finally, as a prelude of the first studies developed in the
present manuscript, more emphasis will be given on the construction of [COIH(DO)(DOH)anz]-

based cathodes through diazonium electro-reduction.
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1.4.1. General considerations

Homogeneous systems contain a large pool of molecules not directly involved in
electrocatalysis, because not in the reaction-diffusion layer. This pool represents a fresh feedstock
of intact HECs which limits any apparent loss of activity through deactivation during an extensive
cycling. The same is not true for immobilized electrodes. In that case, all the catalysts attached to
the electrode surface ideally partake to HER, i.e. either turnover or deactivate. As such, the
performance of an anchored HEC is a good reflect of its efficiency and robustness. It should be
pointed out that the strategy undertaken for surface immobilization is also of major importance.
Interfacial layers generally required to graft HEC at an electrode can indeed generate electron or
proton-diffusion resistances. > ®! This phenomenon hence hinders the observed catalytic activity.
But the presence of such interfacial connections displays two interesting features. First, under the
form of a mesoporous material, the interfacial layer increases the density of catalytic entities per
surface area and accordingly the activity.> ® Second, this layer can also act as a third coordination
sphere for HECs grafted on it, for instance by buffering the local environment or providing a
nearby proton relay.®

Besides, the attachment of the catalysts at a surface advantageously allows the use of water as a
solvent for electrolysis, even if the native catalyst is not water-soluble. Aqueous operating
conditions are indeed one of the first requirements for a viable WS device. The possible utilization

of supported catalysts intrinsically not soluble in water has been reported at many occurrences.>>*

33b, 83

1.4.2. Strategies for HEC attachment onto electrodes

Direct deposition onto a conductive electrode substrate is widely used with heterogeneous
catalysts that can be electrodeposited, sputtered or thermally sintered, to name a few techniques.”*
% By contrast, the immobilization of a molecular HEC is more challenging. The procedure should
not alter the coordination sphere finely tuned for the catalysis of proton reduction and the
synthesis of which is usually demanding. At the same time, the deposition process has to ensure a
strong binding of the molecules at the surface. Thus, anchoring molecular HECs onto electrodes is
generally not as straightforward as for material-based HECs and may require several steps.

Several strategies for the immobilization of molecular HEC onto electrodes have been

exploited. These strategies rely either on physi- or chemi-sorption® and are shortly depicted here.
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1.4.2.1. Entrapment into a polymeric layer
This approach simply consists in the physical incorporation of the catalytic moiety into a
polymeric matrix. The matrix is further casted onto an electrode to create a top-lying film
containing HECs. These films are usually obtained from polyvinyl and/or hydrophilic polystyrene

derivatives or Nafion®, deposited on carbonaceous electrodes.

GCE Nafion

Figure 1.19. Example of a charged Co-porphyrin entrapped into Nafion® deposited onto GCE.

This strategy was implemented already in 1985 by Spiro and co-workers to introduce charged
Co porphyrin derivatives into Nafion® films (Figure 1.19).*® Steady catalytic activity for HER is
observed for 90 min although at low TOFs (10> s range). Similar strategies were used by
others,®! for instance to entrap Co porphyrins in amphiphilic co-polymers,*'® accessing higher
activities (10% s™) but with seemingly large overpotential requirements. In such an approach, the

moderate activity is believed to result from a slow electron transfer within the matrix.

1.4.2.2. Attachment with coordinating moieties

Integrating HER catalysts onto electrodes might also be realized through coordination
chemistry. This strategy generally involves a chelating group present on the catalyst and a
metallic atom at the surface. Broadly used to graft molecules onto transparent conducting oxides
(TCO) in the frame of developing DS PEC,*® this approach is a central point of the present work.
We will here only briefly exemplify it but more extensive discussion will be found in the second
part of the introduction.

The examples presented are namely based on HECs decorated with carboxylic or phosphonic
acid groups that permit attachment onto TCOs. For instance, cobaloximes derivatives bearing a
carboxylic acid were grafted to planar fluorine-doped tin oxide (FTO) as a TCO, likely through

the chelation of Sn by carboxylic groups.®” The surface assembly displays a catalyst loading in the
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range of a monolayer. However, leach off of the catalyst is observed in the presence of tosic acid,

making the electrode unsuitable for proton reduction catalysis.

-0,

—0=P.

“““ e

Br

S
N, | wN—O_
(Co‘ ~H
N N—O~
>\ i /(

..... o) Br

ITO Meso-ITO

Figure 1.20. Benzylphosphonic-functionalized [COHI(DO)(DOH)pnBrZ] derivative anchored to a
meso-ITO electrode through coordination by phosphonate groups.

A similar strategy was followed by Reisner and co-workers to immobilize phosphonic acid
derivatives of [Co™(DO)(DOH)pnL;] (as the one described in Figure 1.20) onto mesoporous
indium-tin oxide (meso-ITO) (Figure 1.20) or SnO,-coated electrodes.”"” ™ The 3D-templated
architectures of the mesoporous layers afford large catalyst loadings in the range of 107 to 10°
mol-cm 2" The supported catalysts are redox cycled in neutral aqueous media and the subsequent
retainment of their electrochemical, UV-visible and X-ray photoelectron spectroscopy (XPS)
signatures suggest that the grafted assemblies are stable. However, catalytic activity is only
reported with an excess amount of catalyst present in the electrolyte solution and no clear
evidence of HER catalysis due to the immobilized complexes is presented.””® These limitations
might originate from a poor stability of the supporting electrodes or anchors upon sustained

cathodic polarization.

1.4.2.3. Immobilization through I1 stacking

This approach relies on the immobilization of the catalyst through m-m interactions with the
supporting layer. Such immobilization is allowed by the presence of an extended aromatic moiety
in the structure of the catalyst. This aromatic part is either located in the first coordination sphere
or on a purpose-placed anchoring group. Due to the nature of the interaction, electronic
conduction at the interface is generally well retained. Also, while m systems commonly display
hydrophobic properties, the operation of the immobilized electrode in aqueous media does not
lead to the peel off of the catalyst in solution. More, immobilization procedures are quite
straightforward, since m stacking occurs spontaneously between the HEC and the supporting

electrode.
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Recent examples of these systems include Co bis-aryldithiolate catalysts®® or covalent
frameworks® (Figure 1.21, left) immobilized onto highly ordered pyrolytic graphite (HOPG) or

graphene layered on conducting glass electrodes.®**

Here, © stacking takes place between the
aryl moiety on the ligand and the m-conjugated surface. These assemblies evolve hydrogen from
rather acidic aqueous electrolyte with activities maintained over hours. Notable catalytic
performances reveal TOFs estimated in the range of 10° s ' with proton reduction shifted 370 mV
more cathodic than a platinum electrode® or current density reaching 10 mA-cm™ at 340 mV
overpotential.** While a monolayer deposition might logically be expected for this type of
immobilized electrodes, with a theoretical maximal surface density around 10" mol-cm 2, much

higher catalyst loadings (until 10° mol-cm™) have surprisingly been reported,” indicative of

multiple layers.
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Figure 1.21. Cobalt bis-aryldithiolate framework deposited on HOPG (left) and pyrene derivatives of a
DuBois’ nickel bisdiphosphine immobilized onto MWCNTs (right). R = pyren-1-methylene; GDL: gas
diffusion layer; MWCNTs: multi-walled carbon nanotubes.

Meanwhile, intentional increase of the catalyst loading per surface area was achieved by our
group. Multiwall carbon nanotubes (MWCNTs) were deposited onto a gas and electron-
conducting sheet (GDL; gas diffusion layer), resulting in a forest of interconnected nanotubes.
This procedure hence enhances the porosity of the GDL electrode while retaining electronic
conductivity. Pyrene-decorated DuBois’ nickel bisdiphospine are immobilized onto the electrode
support (Figure .21, right) which is further assembled with a Nafion membrane. The membrane-
electrode assembly (MEA) cathodic material catalyzes proton reduction from an aqueous H,SO4
0.5 M solution at potentials merged with the thermodynamic one.** Electrocatalytic activity is
sustained over hours as an evidence of the stability of the n-n interactions approach. Interestingly,

increasing the amount of deposited MWCNTs, increases the grafting density in actives sites up to
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the 10® mol-cm ™ range. The activity for HER linearly follows this raise, providing a path to

improve performance of such MEAs.

1.4.2.4. Covalent attachment through an electropolymerized film

Interfacial coatings might be obtained by electrochemically assisted polymerization or
immobilization of films at a surface of an electrode. These films display pendent reactive moieties
purposely designed to achieve covalent coupling with the molecular backbones of HECs. The
functionalized electrodes generally preserve the electronic conduction properties.

Pickett and co-workers tackled this strategy by electropolymerizing pyrrole monomers bearing
activated ester groups onto a glassy carbon electrode (GCE).”® Di-iron biomimetic complexes of
hydrogenase active sites decorated with an hydroxyl moiety were then covalently bound through
transesterification. The supported complex (Figure 1.22, left) shows an electrochemical behavior
consistent with its homogeneous equivalent. A catalytic peak tentatively assigned to proton
reduction is observed at 120 mV more positive than the unmodified electrode, but still lying at

large overpotential values.
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Figure 1.22. Di-iron biomimetic catalyst immobilized onto GCE through a polypyrrole film (left) and
derivative of a DuBois’ nickel bisdiphosphine complex covalently grafted onto MWCNTs (right). Ar =
Ph(CH,),COOPht.

Diazonium salt electroreduction’' has been set as a popular and efficient way to anchor diverse

14, 33a, 33c, 83a, 85, 92
HECs onto electrodes. ™ 7% 7% %% ¢

For instance, an amino-decorated diazobenzene salt
generates an oligomeric layer covalently bound to the electrode surface, possibly carbonaceous.
Dangling amino moieties provide an opportunity to create amide bonds with activated esters

placed onto molecular HECs. Among others, this strategy was implemented by our group for
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alternative functionalization of the GDL/MWCNT assembly described above. A phtalimide
moiety introduced on a DuBois’ nickel catalyst allows its covalent linkage to the supporting

material upon amide formation yielding a stable grafting with a surface density in the range of 10~

9 2 33a

mol-cm “.””" Mounted in MEA, the electrode (Figure 1.22, right) depicts impressive catalytic
performance as the reversible catalysis of proton reduction from a 0.5 M H,SO4 aqueous media.
Proton reduction catalysis attains current density of 4 mA-cm > at 300 mV overpotential. At the
same potential, a 10-hour electrolysis reveals steady currents and hydrogen evolution with a near
unity faradaic efficiency accompanied with TOFs in the 10" s™' range.

This work therefore evidences a straightforward way to strongly anchor molecular catalysts at
the surface of a mesoporous electrode designed for MEA while maintaining a high and stable

catalytic activity.

1.4.3. Cobalt diimine-dioxime engineered electrodes

Taking advantage of such a path to anchor molecular catalysts onto high surface area
electrodes, our group constructed a new cathodic material by the introduction of

[Co™(DO)(DOH)pnCl,]."

1.4.3.1. Electrode preparation

The supporting material was elaborated first by filtration of a solution containing MWCNTs
and Nafion® onto a GDL. The electroreduction of 4-(2-aminoethyl)-benzene diazonium at the
mesoporous substrate creates an oligomeric film functionalized with pendent amino groups,
yielding the GDL/MWCNT-amino celectrode (Figure 1.23). Meanwhile, the
[Co™(DO)(DOH)N3pnCly] azido derivative was coupled to a cyclooctyne ring containing a
phtalimide ester moiety (Figure 1.23) to afford the [Co™ (DO)(DOH)pnCsPhtCl,] intermediate.

This procedure is inspired from a methodology developed by Bertozzi and co-workers” and
bypasses the use of copper-catalyzed conditions that would, in our case, lead to the substitution of
copper for cobalt in the [COIH(DO)(DOH)N3pnClz] complex. The copper-free azide-alkyne
cycloaddition (Cu-free AAC) occurs spontaneously as a consequence of steric strains on the
cyclooctine ring. The activated ester moiety in [Co™(DO)(DOH)pnCgPhtCl,] was reacted with
the amino-tethered GDL/MWCNT-amino electrode under mild basic conditions to form an

amide bond (Figure 1.23). The procedure yielded the GDL/MWCNT-Co electrode where the
[Com(DO)(DOH)pnClz] derivative is covalently linked to the surface of the substrate.
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Figure 1.23. Synthetic routes for the preparation of the GDL/MWCNT-Co electrode. DCC:
dicyclohexylcarbodiimide.

14.3.2. Electrode characterization

Once functionalized, the electrode was subjected to analysis by electrochemical and
spectroscopic methods. Cyclic voltammetry (Figure 1.24, left) in MeCN (0.1 M nBusNBF,)

11

reveals a reversible wave at —1.08 V vs Fc™. This wave is attributed to the Co"™" couple by

comparison to the homogeneous [COIH(DO)(DOH)pnClz] spe(:ies.54 The Co™" wave is neither
reversible nor well-defined, likely a consequence of the decoordination of the axial chloride
ligands upon reduction to Co". CV also shows a strong background, arising from non-faradaic

currents attributed to the mesoporous nature of the GDL/MWCNT substrate (Figure 1.24, left).
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Figure 1.24. Cyclic voltamogramms of [Co"™(DO)(DOH)pnCl,] recorded in MeCN (0.1 M nBu4BF,)
at a GDL/MWCNT electrode (purple line), of a GDL/MWCNT-Co electrode (blue line) and of a control
GDL/MWCNT electrode (dashed black line) recorded in MeCN (0.1 M Et,NCl) at 100 mV.s ' (left); XPS
Co, core levels of a GDL/MWCNT-Co electrode prior (blue line) and after (red line) electrolysis at —0.59
V vs RHE in acetate buffer (0.1M) at pH 4.5 (right).

The intensity of the peak currents related to the Co™"

wave linearly increases with the scan rate.
This observation is indicative of a non-diffusive behavior that evidences the immobilization of the
cobalt catalyst onto the electrode substrate. Integration of the wave allows to estimate a grafting
density around 4.5 10~ mol-cm ~.

At binding energies corresponding to the Co 2p levels, the XP spectrum of the functionalized
electrode (Figure 1.24, right) features two peaks. These peaks are centered at 781.7 and 796.6 eV,
shifted by 14.9 eV of spin orbit split, and in a respective 2:1 ratio. The signals are thus attributed
to the Co 2p3, and 2p;,, core levels, respectively. These Co 2p levels display a signature in good
agreement with the one of the free [COHI(DO)(DOH)pnClz]. The absence of nearby satellites

1T

evidences that the immobilized complex remains in the Co ™ state when anchored.

1.4.3.3. Electrocatalytic performance

Catalytic activity of the electrode was assessed in fully aqueous media. In a pH 4.5 acetate
buffer, the cathodic polarization curve reveals an increase in current which is distinctive from the
GDL/MWCNT control electrode. The electrochemical setup is equipped with a continuous
sampling of the headspace that permits time-resolved GC analysis. Hydrogen evolution was thus
detected from ca 350 mV overpotential (E,,;.;) for the GDL/MWCNT-Co electrode (Figure 1.25,
left).

A current density of 1 mA-cm ™ is reached by equilibrating the electrode at 0.6 V vs RHE
(Figure 1.25, right). This current is stable over hours and related to hydrogen evolution in unity

faradaic efficiency. During a 7-hour extensive electrolysis the catalyst is found to turn about
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55000 times over, with TOFs accordingly in the range 10' s'. It is of note that the supported
catalyst performs TONs orders of magnitude higher than in homogeneous solution.>® This
observation reveals the enhancement in stability provided by the immobilization of the catalyst.
Also, XPS analysis at the Co 2p core levels after catalytic turnover (Figure 1.24, right) is
consistent with the one of the fresh sample. Namely, no lower binding energy peaks characteristic
of metallic Co could be detected. This result further supports the preservation of the grafted
catalyst upon activity.

Whereas the [Co™(DO)(DOH)pnCl,] complex has been reported to decompose at cathodic
potentials when it is free in aqueous solution,” the stability of the grafted complex is therefore
questioning. It is proposed that deactivation in solution may result from intermolecular pathways
involving radical attacks on ligands or slow electron delivery, none of which is likely to occur at
the decorated electrode. Indeed, the tethered molecular complexes are spatially far from each
other on the surface, disfavoring the intermolecular deactivation. Furthermore, the attachment
approach implemented here permits a fast electron transfer from the electrode to the catalytic

entities, which possibly decreases the lifetime of intermediate reduced species prone to

decomposition.
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Figure 1.25. Current densities (solid lines) and H, evolution rates as measured by in-line continuous GC
setup (dashed lines) recorded during linear cathodic sweeps on a GDL/MWCNT-Co electrode (blue lines)
and on a control GDL/MWCNT electrode (black lines) at 0.05 mV-s™ in acetate buffer (0.1M) at pH 4.5
(left); chronoamperometric measurements on a GDL/MWCNT-Co electrode (blue line) and on a control
GDL/MWCNT electrode (black line) poised at —0.59 V vs RHE in acetate buffer (0.1M) at pH 4.5 (right).

This strategy thus proved fruitful to integrate a molecular catalyst on a mesoporous conducting
substrates. The engineered cathode steadily evolves hydrogen at low overpotentials from mildly
acidic aqueous media. On the basis of these results, the GDL/MWCNT-Co electrode will be our
starting material to address further issues related to the integration of molecular (photo)cathodes

in a device.
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2. Molecular engineered photocathodes for
hydrogen evolution

It has been demonstrated that molecular catalysts could be integrated into electrocatalytic
materials for HER. But to build a light-driven electrode, a photoactive entity has to be introduced
in the system. On irradiation, the photoactive entity uses photon energy to provide electrons to the
catalyst at a potential suitable for achieving HER. This construction, which permits proton
reduction through light irradiation, is called a photocathode for hydrogen evolution. As a central
point of the current manuscript, our focus will be directed to photocathodes relying on molecular
species for both catalysis and photoactivity. These constructions are usually referred to as dye-
sensitized (DS) photocathodes.

The second part of this introduction is dedicated to describing such systems. As proposed for
molecular catalysts, the most common metrics used for benchmarking photocathodes will be
given. Then, working principles at stake in a DS photocathode will be presented. Following this,
the architecture investigated in the present manuscript will be depicted, with particular emphasis
on the individual components. Finally, state-of-the-art examples of DS photocathodes are shown

to illustrate the approach and to highlight current challenges in the field.

2.1. Figures of merit for photocathodes

The important parameters related to catalysts (activity, stability, operating conditions) and
described above in the introduction still apply for molecular photocathodes, but are also extended
to the light-harvesting unit. Here, we present a short selection of figures of merit for the
evaluation of photocathodes. We note that these figures account for any type of photocathodes,

including DS photocathodes.

2.1.1. Photopotential and photocurrent

Overall WS PECs are usually unbiased two-electrode setups.” This architecture is required for
the final operating device but introduces several device-related issues. In particular, the geometry
of the cell or the placement of the electrodes results in undesired additional ohmic and diffusional
effects. For this reason, the evaluation of photocathodes is often performed in standard 3-electrode
electrochemical cells.”® This type of setup bypasses such cell-related experimental issues.

In these setups, the linear voltammograms of photocathode could be recorded in the absence

(dark or non photoactive electrode with an identical catalyst) or in the presence (light) of
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simulated sunlight irradiation (Figure 1.26). Under irradiation, as a result of the energetic income
of light, the electrons are delivered at the cathode at a given current, which is called a
photocurrent, and a given potential, which is called a photopotential. The most anodic potential at

which the two voltammograms dissociate one from each other is called the onset photopotential

Ephoto

photo
onset * E

onset » the current

Under irradiation, when potentials are scanned downward from
density increases before reaching, in the ideal case, a plateau. This plateau corresponds to the

saturating photocurrent | f;tom

photo
E onset

J/mAcm™

]photo 10
sat
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Figure 1.26. Linear voltammograms of an ITO\PEDOT:PSS\P3HT:PCBM\LiF\AI\Ti\MoS;
photocathode under irradation (dashed line, J;;,,) and an ITO\MoS; cathode in the absence of light (dashed
line, J,,) recorded at 50 mV-s™ in H,SO, 0.5 M.” The relative photocurrent J,,, is plotted as a function
of Ef'*. Reproduced and adapted with permission from ref”’, copyright 2015 American Chemical Society.

photo

To be relevant in the context of saving energy through solar fuels, E;, ..,

has to be positive
from the thermodynamic potential of hydrogen evolution.

On the other hand, the saturating photocurrent density is a picture of the global kinetics ruling
the electron flow at the photocathode. Namely, these kinetic limitations reflect the competition
between productive (catalysis) and unproductive (charge recombination) pathways at the

interface. An increased saturating photocurrent is indicative of higher photoelectrocatalytic rates.

2.1.2. Light transformation: LHE, IPCE and APCE

2.1.2.1. Light harvesting efficiency: LHE

The behavior of a photocathode under solar illumination is directly related to its LH/CS
properties. These properties can be assessed primary through the determination of the light
harvesting efficiency (LHE), by a straightforward transformation of the absorption spectra of the

photocathode, as follows:”®
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LHE(A) = 1-1074® Eqn. L18

where A(A) is the absorbance of the photocathode at a given wavelength A.
The overall LHE(A) spectrum shows the wavelength intervals at which the incoming irradiation
is the most absorbed by the photocathode. To further assess how efficient the conversion of

absorbed light into electronic energy is, additional parameters are used.

2.1.2.2. Incident photon-to-current efficiency: IPCE
The incident photon-to-current conversion efficiency (IPCE) indicates the ratio of photons
which are converted into electrons at the photocathode. For reasons evoked earlier, practical
measurements are performed in a 3-electrode setup poising the photocathode at an applied

potential E,,,. The determination of IPCE(A) is found as:”*

¢eluectron5(/1) J . (A)| - hc J a 4
IPCEQ) = —22 " = Ve 2) ~ 1240 pre?)
P () Pinc(A)-4-e Pinc(4) -4

inc

Eqn. .19

where ¢gf;;”°”5 (1) and qbg:zomns(/l) are respectively the fluxes of electrons generated at the

applied potential E,,, by the photocathode and of incident photons, ] Eapp (1) is the current density
at the applied potential E,j, and Py, (1) is the incoming light power density, at the wavelength 4;

h is the Planck constant, c is the celerity of the light and e is the elementary charge of the electron.

This definition is however irrespective of the absorbtivity.

2.1.2.3. Absorbed photon-to-current efficiency: APCE

Another metrics takes into account the harvested photons only. This parameter is logically

called the absorbed photon-to-current conversion efficiency (APCE) and determined as follows:”®

APCE(A) = w Eqn.1.20
LHE(A)
A photocathode securing high spectral values of IPCE and APCE is expected to raise high
yields for the processes of light harvesting and charge separation.
The IPCE reflects the global performance of the photocathode. Instead, the normalization with
the LHE, yielding the APCE, focuses only on the efficiency of the processes once the incident
photons have been captured.” Especially, in the case of a DS photocathode, the IPCE roughly

adopts the shape of the absorption spectrum of the sensitizing dye. This feature is by contrast
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flattened on the APCE spectrum, which smoothes the wavelength dependency of the photon-to-
current efficiency.
Although these parameters are important figures of merit for a photocathode, they do not

include the catalytic process eventually producing the expected solar fuel, hydrogen.

2.1.3. From light to fuel: STH, power saved.

Generation of hydrogen through light-driven HER catalysis is at the core of our approach.
Hence, we give here important figures of merit to evaluate the conversion of the solar energy into

chemical one.

2.1.3.1. Solar-to-hydrogen efficiency: STH

This metric gives the ratio between energy stored in the hydrogen bond and the incoming light

energy. Such a definition is used for 2-electrode setups performing overall WS at an operating

current J,, under (simulated) solar light and is expressed as this:”% %
VO
STH = |]0pl:|ptot ¥ onp=1.23- —L],'ZfJ Nr Eqn.1.21
inc inc

where P! is the light total incident power.

We note that this figure of merit gathers information linked to the photocurrent generation in
the cell (J,p) but also to the holding of a catalytic process (). This metric hence describes the
global efficiency of the light-driven HER catalysis. On this, the faradaic efficiency np is sometime
assumed to be unity, especially when the immobilized electrode is known to operate in dark
conditions with 100% efficiency.”® The calculation of the STH efficiency is then directly derived
from the current establishing in the irradiated cell. However, this approximation might induce
falsely positive biases in the assessment of the effective light-driven H; evolution.

Such a definition only applies for a 2-electrode device. Again, ways to consistently rank

photocathodes have been developed for 3-electrode configurations.

2.1.3.2. Ratiometric power saved relative to an ideal electrode
To bypass the use of STH, strategies rely on the determination of the power saved using a
photoactive electrode as compared to a dark electrode. Several definitions have been proposed for
such metrics. Among others, a simple and natural concept is to refer to an ideal non-polarizable

electrode for hydrogen evolution i.e. the Reversible Hydrogen Electrode (RHE).
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Figure 1.27. Linear voltammogram of an ITO\PEDOT:PSS\P3HT:PCBM\LiF\AI\Ti\MoS;
photocathode under irradiation (black line) recorded at 50 mV-s™ in H,SO, 0.5 M.” Eiightyns Jm and Pyayeqm
respectively corresponds to ERHE y ,ig,,t(Eﬁ,‘Zi) and PRHE in the text. Reproduced and adapted with
permission from ref”’, copyright 2015 American Chemical Society.

First, the power curve should be derived from the linear sweep votammogramm recorded under
illumination (Figure 1.27, see legend for the equivalence between symbols in the text and on the

plot). In that aim, P(ERHE) = |[ERHE . |, . (ERHE)| is plotted as a function of ERE, where ERHE

is the potential versus RHE, and J; g5 (E®"F) is the current density under illumination at the ERHE

potential. This curve displays a maximum point of coordinates (EXHE: pRHEY for positive values

of ER"E with a corresponding current density J;gne (Efngy). The ratiometric power saved versus

RHE ®RHE  then relates to this maximum power point and is given by the following equation:”®

97

ERHEY| . pRHE

GRHE Jiignt(Emax max . Eqn.1.22
saved P€0t nF
nc

This metric compares the performance of a photocathode to the one of an ideal dark electrode.
Hence, this figure of merit reflects the absolute power saved by using the photocathode at its

maximal efficiency.

2.1.3.3. Ratiometric power saved relative to an identical non photoactive
electrode

It is also interesting to measure the impact of the electrode photoactivity on the extent of the
power saved. The comparison to a non-photoactive electrode bearing the same catalyst and

assessed under identical but dark conditions has been proposed.
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Figure 1.28. Linear voltammograms of an ITO\PEDOT:PSS\P3HT:PCBM\LiF\AI\Ti\MoS;

photocathode under irradiation (black line) and an ITO\MoS; cathode in the absence of light (dashed black
line) recorded at 50 mV-s ' in H,SO, 0.5 M (left) and relative photocurrent density (red line, left scale) and
power (green line, right scale) as a function of the photovoltage (right).97 Vonotoms Iphotom ANA Pigyedm

respectively corresponds to Vynoto,max ]ph,,t,,(Vph,,to,max) and P(Vphotomax) 1n the text. Reproduced
and adapted with permission from ref”’, copyright 2015 American Chemical Society.

The maximum power point has also to be calculated. Here, the treatment is based on the
voltamogramms recorded under irradiation for the photocathode and in the dark for its non
photoactive component (Figure 1.28, left; see legend for the equivalence between symbols in the
text and on the plot). First, the substraction of these voltamogramms gives the relative

photocurrent curve Jpnoto (ERHE) = |]light (ERME) = Jaar (ERTE) |a where Jqqr (ERMF) is the

current density in the dark for the non photoactive electrode at the ERHE potential. Similarly, to
every photocurrent density J value corresponds a value of the Vppo¢0(J) photovoltage. This

photovoltage is actually defined as Vpporo () = |Efior: () — Efvie ()| where Ef5r,(J) and

ERHE (]) are the potentials versus RHE at the current density J respectively in the presence of

light for the photocathode and in the absence of light for its non photoactive counterpart. Analytic

treatments of the thusly obtained data gives the Jppoto (Vphow) relative photocurrent density-

photovoltage curve and the P(Vpnoto) = Vphoto * Jphoto (Vphoto) power curve (Figure 1.28, right).

The power takes a maximal value P(Vpnotomax) at Vphotomax- The @NPAC ratiometric power

saved relative to the non photoactive electrode with the identical catalyst and tested in similar but

dark conditions is then defined as:*" >

J photo (Vphoto,max) ’ Vphoto,max
ptot '

inc

NPAC __
(Dsaved -

Eqn.1.23

nr
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Such a definition is actually independent of the overpotential of the dark catalyst. This figure of
merit is indicative of the added value in terms of power saved that is attributed to the introduction
of a photoactive moiety on the electrode.

In both cases, the faradaic efficiency 7 might be assumed as unity, although, as said earlier, its

NPAC

determination provides stronger data in terms of effective power saved into fuel. If @, . gives

crucial information on the income of the light on the energy stored, the absolute aim is to optimize

RHE
q)saved'

Until now, these power saved metrics have mainly been applied to photoelectrodes relying on
material-made components for light-harvesting and/or catalysis. Indeed, only few examples of DS
photocathodes have been published to date.*” All the more, the moderate performance of the
reported examples make the measurement of power saved efficiencies quite tedious. Yet, the
recent interest in this type of photocathodes will possibly result in improved performance

permitting the benchmarking of their power-saved efficiencies.

2.2. Molecular photocathodes for hydrogen evolution

This last section is dedicated to the description of DS photocathodes. Firstly, the background
for the construction of DS photocathodes for HER will be presented. Then, possible components
envisioned for the construction targeted in the current work will be described. An overview of
molecular-based photocathodes will be given in a last step. A more precise description of the few
reported examples of DS photocathodes, including their integration in overall WS cells, closes the

introduction.

2.2.1. General features in DS photocathodes

The following part aims at laying the fundamentals operating principles in a DS photocathode,
within the general concepts. Details will be discussed later, along with the description of the

components used.

2.2.1.1. Requirements

H,-evolving DS photocathodes have to gather a catalytic species able to perform HER as well
as a dye responsible for light harvesting (LH) and charge separation (CS). To create an electrode
material possibly integrated into a device, the immobilization of these two chemicals on the same
surface is required.

About half the photons striking the Earth are in the visible range (between ca 400-800 nm). To

harvest this photonic energy the dye should be engineered for adsorption in the visible range.
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Also, the electrode material should not stop such photons and thus it has to be transparent at
visible wavelengths.

In addition, the conductive supporting electrode has to favor electronic injection from the
surface to the LH/CS entity, as needed for the photoinduced reduction of protons. Such a
character is usually found in materials displaying an electronic structure in bands, e.g. semi-
conductors (SC). A class of materials securing the whole set of requirements (visible
transparency, semi-conducting properties) are the transparent semi-conducting oxides,'” which
are often referred to as transparent conducting oxides (TCOs), for the sake of simplicity.
Logically, TCOs are used to act as supporting electrodes at the top of which could be immobilized
both LH/CS and catalytic moieties. The nature of the material also drives the possible ways to
attach these molecules onto the surface.

In a following part, we will describe more extensively the anchoring groups available for

grafting molecules onto these surfaces.

2.2.1.2. Operation principle
The approach developed in DS photocathodes is based on a multiplicity of concomitant

processes at the material/dye-catalyst/solution interface (Figure 1.29).5% 1!

First, the absorption of
a photon leads to an excited state of the dye (shown as 1 in Figure 1.29). More precisely, the
energy of an electron of the dye is raised from the highest occupied molecular orbital (HOMO) to
the lowest unoccupied molecular orbital (LUMO). Then, the HOMO of the dye is regenerated by
electronic injection from the conducting band of the TCO (2). This reduction of the excited dye
creates a positive equivalent, a hole (h"), in the TCO. Replenishing this hole actually generates a
photocurrent, a main characteristic for photocathodes, as discussed above. Meanwhile, the
electron on the LUMO of the dye is used to reduce the nearby HEC (3). If the whole process (1-2-
3) is repeated twice, the catalyst accumulates two reducing equivalents and can hence turn over to
evolve H, from 2 H'. The interface is continuously fueled in electrons at the E,,, potential applied
by an external electric generator or a photoanode. Electronic shuttling to the interface is ensured
through the conducting band of the TCO.

Besides, unproductive processes counter act this Hj-evolving pathway. Among them, the
recombination of an electron on the LUMO with a hole located in the TCO conducting band (4) is

a major issue. As well, similar electron-hole recombinations are possible from the reduced

catalyst to the conducting band (5) or to the excited dye (6).
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Figure 1.29. Schematic representation of processes involved in the light-driven HER by a DS
photocathode. Plain dots: electrons; empty dots: holes; PS: photosensitizer; Cat: catalyst; E,,,: applied
potential.

In a general manner, the kinetic competition between productive and unproductive processes

governs the global performance of the DS photocathode.

2.2.1.3. Background

To build DS photocathodes for HER, inspiration has been found with photoelectrodes for
DSSCs and for water oxidation. In both cases, the properties of semiconducting transparent
materials decorated with a dye are utilized either to generate electricity or to achieve

electrocatalytic reactions.

2.2.1.3.1. Band theory
To better understand the role of these materials, they have to be examined under the light of the
band theory in SCs. Roughly, this theory describes the electronic structure of SCs with two bands:
a valence band (VB) at lower energies and a conduction band (CB) at higher energies, separated
one from each other by a band gap, in which the density of states is in theory nil.
n-type SCs have their valence band completely filled with electrons whereas the conduction

band is only partially filled. Hence, the Fermi level (Er) of the SC is just downward from the
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conduction band. In n-type SCs, the electronic conduction is realized by electrons in the
conduction band, which are the majority charge carriers. These charge carriers are negative, that
gives the “n” in “n-type” SCs.

On the contrary, for a p-type SC, the conduction band is empty while the valence band contains
some electronic vacancies, the holes. The Fermi level is then located just upward from the valence
band. The holes in the VB, which are the majority charge carriers (“p” for positive), are

responsible for the electronic conduction within the material.

2.2.1.3.2. A transversal inspiration
In DSSCs, the photoelectrode is made of a dye adsorbed at the surface of a transparent SC.
Upon irradiation, the excited state of the dye can give or take an electron from the SC and be
regenerated by a redox shuttle in solution. The overall process creates a photocurrent. Classical
DSSCs, or Gritzel cells, are known as n-type DSSCs, since the support of the photoelectrode is a

n-type SC (usually TiO,).'"

In this case, the excited dye injects an electron in the CB of TiO; and
oxidizes a redox shuttle. Their counterpart constructed with p-type SCs are called inverse DSSCs,
as the electronic flux is found to occur in the inverse way. Their development emerged in the early
2000’s,'® with the global aim to construct tandem DSSCs coupling n and p-type photoelectrodes
to overpass limits of efficiency of classical Gritzel cells.'”"'*

In DS PECs, the final electron or hole acceptor at the photoelectrode is not a redox shuttle, but
a chemical to be irreversibly oxidized or reduced. To create DS photoanodes for OER, at which
water is oxidized into oxygen, the architecture of the photoelectrode has logically been derivatized
from that featured in well-established n-type DSSCs. Similarly, the inspiration can be taken from
p-DSSCs to create DS photocathodes for HER.

Also, the translation from photoanodes in n-DSSCs to oxygen-evolving DS photoanodes faced
several challenges, among which shifting from organic to aqueous electrolyte or co-anchoring a
catalyst. The same challenges apply to go from DS photocathodes in p-DSSC to DS
photocathodes for HER. The knowledge brought by the anodic part should thus facilitate the
design of such photocathodes. Still, only few examples of DS photocathodes for HER have been

85-86, 105

reported to date, compared to DS photoanodes for OER.'” These photocathodes present

strong similarities, borrowed from p-DSSCs, as far as the supporting SC, the dye or the strategy
for surface anchoring are concerned.®*¢ %%
The following paragraphs aim at overviewing the materials available to build DS

photocathodes for hydrogen evolution.
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2.2.2. Constructing photocathodes for hydrogen evolution

In this part, we will focus on the TCO, the PS and the way to attach molecular entities at the
surface. Only few molecular catalysts have been used to create DS photocathodes for HER, they

will be shown within the architectures described in the last section.

2.2.2.1. Transparent conducting oxides

2.2.2.1.1. General considerations
As exemplified in Figure 1.29, a major and necessary feature of a TCO relevant for the
construction of a DS photocathode is the presence of a band that can deliver electrons at an energy
higher than the HOMO level of the dye.**® ' Translated in the band theory of SCs, this point
means that the SC should display a Fermi level located upward from the HOMO level of the dye.
With Fermi levels located in this suitable region, wide band gap p-type SCs have been a matter
of choice first for application in inverse DSSCs then for application in H,-evolving DS

photocathodes.'*" 1”7

Their partially filled VB permits electronic conduction by holes within the
material. Moreover, holes formed upon photoexcitation of a grafted dye might be injected into the
VB, securing their collection and transport. This phenomenon constitutes a fundamental

prerequisite for such photoelectrodes. In the case of DS photocathodes, we note that the value of

the onset photopotential (E fg::f ) is generally close to the top edge of the VB.

Nickel oxide (NiO) is a wide band gap p-type SC with a Fermi level adapted to the required
electron injection properties. Moreover, NiO is also guasi-transparent. For these reasons, it has
been chosen as the p-type transparent material in the large majority of the studies on inverse
DSSCs.'" 7 NiO is now logically utilized for the construction of proton or CO, reduction DS
photocathodes. Only punctual investigations on alternative p-type TCOs, such as mixed metal-
copper delafossites, have been reported to date in the field of inverse DSSCs.'*

As a note, recent studies also showed that a degenerated n-type SC (ITO) with quasi-metallic

properties might be used in inverse DSSC schemes,'” provided the energy matching between the

CB of the SC and the HOMO level of the dye is well controlled.'®"

2.2.2.1.2. Nickel oxide films for DS photocathodes
With the knowledge brought by p-type DSSCs, all DS photocathodes for hydrogen evolution

reported so far are based on NiO as the TCO layer.”” *

NiO is usually prepared as a
nanostructured film.'"” A wide variety of preparations exists starting from a molecular Ni
precursor or from preformed NiO nanoparticles. The nanostructuration is obtained after a high

temperature annealing process (solvothermal, sol-gel, etc.), typically between 300-500°C.""" The
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nanotemplated NiO offers high surface areas (in the 10' m*g ' range) which are desired for

improving dye and/or catalyst loading.'"

NiO films are usually deposited on a back contact
substrate made of a conductive glass layer, commonly FTO or ITO.

The nanostructured film displays interconnected crystallites of NiO in the NaCl centered face
cubic structure with octahedral geometries for both Ni and O atoms. Actually, these crystallites
are overstoichiometric in O”" ions, resulting in Ni*" vacancies. To keep the charge balance, the
non-stoichiometry leads to the creation of Ni’" sites that represent the introduction of holes in the

111

valence band (Figure 1.30)." " Despite this non-stoichiometry and for the sake of clarity, we will

use the generic term NiO in the current manuscript, whereas the true structure is more accurately
described as NiO, where x represents the stoichiometry of oxygen in the structure. The Ni'™""
mixed valence is believed to be the origin of p-type character as well as the greyish coloration of
nanocrystalline NiO films."""""? NiO presents a wide band gap of ca 4 eV.""" The VB was
originally reported as being about 0.54 V vs NHE at pH 7.1 112 A more recent study gives a flat-
band potential, that corresponds to the bulk material away from any surface band bending, at
about 0.30 V and a top edge of the VB at 0.37 V both vs NHE at pH 7.'"* Despite the discrepancy
in such values, both may be suitable for hole injection from an interfacial dye.

The intrinsic conductivity (by holes) of bulk NiO is 2 to 3 orders of magnitude lower than the
conductivity of the n-type benchmark counterpart TiO,.'"”" ' The blame has been put on this
moderate conductivity to rationalize poor performances of NiO p-DSSC compared to n-DSSC.'"
107114 This Jow conduction is accompanied with a short hole diffusion length (few pum).''"® Added
to this the intrinsic light absorption on NiO that prevents a part of the incident photons to reach
the dyes, the optimal film thickness for NiO photoelectrodes is reported around 2 pum.'"® This
value is much thinner than state-of-the-art TiO, Gritzel cells. The resulting less intense dye
loading also accounts for the low performance of the NiO-based photoelectrodes.'®!

But nanostructured NiO films also present defects due to their preparation.''*""" These defects
are namely localized specific surface sites (typically surface Ni*").'°" "% 3 Hole hopping through

101, 110, 113, 116

these surface states is proposed to take part to conduction in a substantial way. Recent

. . 114, 115
reports gave some pieces of answer about this phenomenon, ' °

and the possibility to reach
high currents with NiO electrodes has been stated.''* Such results further question the reason for

the limitations on photocurrents observed in NiO p-DSSCs.
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Figure 1.30. Simplified view of kinetic and thermodynamic parameters involved in charge transfers at
the NiO/PS/catalyst interface. Eyz: VB top edge potential; Vyc: open-circuit voltage; 4Eps: PS electronic
band gap; AEy0.nomo: driving force for electronic transfer between the NiO VB and the excited PS
HOMO:; A4E; yyo-car: driving force for electronic transfer between the reduced PS LUMO and the catalyst.
Empty dots: surface holes. Other abbreviations as defined above.

Overall, the possibility of mixed valence sites in the bulk and at the surface explains a peculiar
native redox signature of NiO as well as its electrochromic properties.''’ The surface confined
oxidation or reduction processes are namely coupled with ion exchanges, especially in the case of
aqueous electrolytes.''” ''>* This process typically leads to two broad waves around 0.5 and 0.9 V
vs NHE at pH 7, assigned in an oversimplified view to the oxidations of Ni" to Ni"" then Ni'’
(waves I and II in Figure .31, left, respectively) coupled with proton losses at the surface (Figure
1.31, right)."'% ' We will come back later in the current manuscript on electrochemistry at the
NiO/electrolyte interface.

Despite its temperamental chemistry which renders it preparation-dependent and the multiple
questions around its conductivity, NiO has been used in the first place to build p-DSSCs and DS

101, 110

photocathodes, for practical and synthetic reasons. In this project, NiO will serve as the

supporting TCO for the construction of DS photocathodes.
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Figure 1.31. CVs at a nanostructured NiO film recorded in aqueous 0.2 M KCI, 0.01 M potassium
phosphate buffer at pH 6.8 at different scan rates indicated on the graph (left) and proposed proton-coupled
electron transfer for oxidation at wave I (right). Reproduced and adapted with permission from ref''**,
copyright 2001 American Chemical Society.

2.2.2.2. Photosensitizers

To harvest a maximum of solar photons, the dyes for use in DS photocathodes have to present
a broad absorption, particularly in the visible region. Also, the optimal film thickness of NiO is
about 2 um, as said above, which limits the amount of dyes possibly loaded per geometric surface
area.''” Photosensitizers with high molar extinction coefficients are thus good candidates for use
in NiO-based photoelectrodes.

Energetically speaking, to enable hole injection from the excited dye into the VB, a first
requirement is that the HOMO level of the dye should match the VB levels, but should not be
upward. As well, the LUMO level should locate higher than the potential of the H'/H, couple.
Especially, the LUMO has to realize electronic injection into the catalytic state of the considered
HEC. This assumption implies that the LUMO level is separated from RHE with more than the

86, 105
c.™

overpotential requirement of the HE These specifications are usually met by the synthetic

tuning of Ru(bpy)s-like photosensitizers or purely organic dyes.® ™% 1%

Along with these energetic considerations the charge transfer kinetics has to be examined.
Especially, the hole injection from the excited dye to the NiO VB should be faster than the
relaxation of the dye. This process might be facilitated by an intimate coupling between the
HOMO of the dye and the VB of the SC. Such a coupling would rely on the hybridization of these

orbitals, which is directly related to the electronic properties of the anchoring group linking the
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dye to the surface. Carboxylic acid is widely utilized in n-DSSCs as an electron-rich attachment
moiety prone to ease electronic injection in TiO, CB.'" 1026 Despite this behavior that might not
be adapted to hole injection in NiO,"” the large majority of reported NiO p-DSSCs and H,-
evolving DS photocathodes are based on carboxylate anchoring groups. Still, hole injection in the
VB is commonly found to occur quite fast, in the pico- to subpicosecond time scale (Figure
1.30).101 118

Yet, the major bottleneck is that the charge recombination between the reduced dye and the
holes in the VB is also quick, falling in the nanosecond range (Figure I.3O).118b’ 8¢ Such a fast
recombination is likely a central phenomenon that limits the performance of dye-sensitized NiO
photoelectrodes. The rapide nature of this unproductive process has been tentatively ascribed to
the presumed hole conduction by surface states. Surface holes would actually act as nearby sites

available for the recombination of energetic electrons on the reduced dyes.'* ' b, 113¢, 118¢
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Figure 1.32. Working principle (top left) and selected examples of “push-pull” dyes or Ru(bpy);-like
(Ru-NMI) either organic (P1, O2) ones. A: electron acceptor moiety; D: electron donor moiety; m: m-
conjugated part.

To hinder this recombination, “push-pull” photosensitizers have been used, borrowed to the
field of n-DSSCs.'" These PSs gather on the same molecule an electron donor moiety and an

electron acceptor one, situated at the opposite ends. Under irradiation, they experience a

substantial spatial charge separation, the electron density being pushed from the donor moiety far
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on the acceptor moiety pulling it (Figure 1.32, top left). Moreover, the electron donor part is
bearing the anchoring groups to surface, which promotes fast hole injection. Thus, the electronic
density of the reduced dye is farer away from surface, which is important since the recombination
rate is decreasing with distance'"” in an exponential manner if tunneling is considered.'”' The
application of such a strategy to either Ru bipyridine-like'*® or, more commonly, fully organic

dyesm

(Figure 1.32) proved fruitful to construct p-DS photocathodes integrated in DSSCs and DS
PECs. Pulling the electron acceptor farer away from the surface while ensuring a good

orthogonality between the HOMO and LUMO levels,'? as exemplified in Figure 1.33, resulted in

long-lived charge separated states ranging in the microsecond scale.'”** ¢ Such dyes lead to
122d

and for light-driven hydrogen evolution.'?
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Figure 1.33. Push-pull organic photosensitizer bearing a secondary perylene-monoimide electron
acceptor (left) as illustrated by the electron-density distribution on the LUMO level (right). Reproduced
and adapted with permission from ref'**?, copyright 2010 Nature Publishing Group.

Such noble-metal free organic push-pull dyes also present higher molar extinction coefficient
compared to Ru(bpy)s-like ones.'® All together, these properties make the organic dyes
particularly interesting platforms for the development of DS photocathodes for HER. The
synthetic chemistry at stake opens rooms for tuning the electronic properties, for further

derivatization and for introducing adequate grafting moieties.

2.2.2.3. Anchoring groups

2.2.2.3.1. General considerations
Multiple strategies could be envisioned to attach dyes and catalysts at the surface of TCOs, like
NiO. The majority of the approaches described above for the immobilization on non-photoactive
materials extend to DS photocathodes, with the exception of n-stacking interactions, requiring a 7-
conjugated surface absent in TCOs. Especially, the condensation between metal-bound hydroxyl
groups that are present at the TCO surfaces and a specific anchoring moiety on the molecular

entity (dye/catalyst) has proved particularly well suited for attachment on TCOs.'** Such a
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pathway has been applied to a large number of metal oxide surfaces. But the formation of the

grafted (mono)layer as well as its hydrolytic stability logically experiences a dependence with the

124

nature of the TCO surface. ™ In a general way, the surface concentration of available hydroxyl

groups might be increased by various means (etching, plasma or ozone-treatment, etc.) to favor
the anchoring and the stability of the molecular layer. As well, post-grafting procedures, as
improved condensation through thermal curing or deposition of protecting atomic layers,

generally result in stronger attachments.'*

2.2.2.3.2. A variety of possible anchoring groups

A wide panel of grafting groups'>* exists, which are either based on reactive carbon-carbon

126 27 or hydroxyl"®) bonds or on

124

(alkene'® or alkyne'*®) or carbon-heteroatom (halogenide
multidentate moieties (silanes, carboxylic or phosphonic acids, etc.).

On the one hand, the reactive carbon-carbon and carbon-heteroatom precursor groups are
known to yield stable surface layers onto TCOs in aqueous solutions.'** Such layers are usually
prepared by UV-induced radical pathways for carbon-carbon moieties, or condensated through
thermal Williamson-like ether formation for the carbon-heteroatom ones. Both processes are
preferentially realized from a neat solution of the pure molecular entity, which thus needs to be
liquid. Yet, the large majority of dyes and catalysts are solids under atmospheric conditions and
would not suffer harsh thermal or UV-induced activations. For these reasons, such grafting
strategies that proved fruitful elsewhere might not be applied easily to our construction of DS
photocathodes.

On the other hand, a large number of anchoring groups that display multidentate properties,
such as silanes, carboxylates, phosphonates, cathecolates, hydroxamates or acetylacetonates,'**
have been screened for the covalent attachment onto TCOs. Among them, silanes, carboxylates
and phosphonates are the most utilized anchoring groups in the directly related fields of n-
DSSCs, 02 124129 and DS photoanodes for OER." As a consequence, their properties regarding
grafting, electronic coupling and stability onto TiO, have been extensively studied. As such, these
groups constitute a benchmark for the development of p-DSSCs and DS photocathodes although
their anchoring onto NiO surfaces has been much scarcely investigated. Silane, carboxylate and
phosphonate bindings are briefly presented here, with a short highlight on the last two ones.

Indeed, silanes rapidly form covalent linkages ideally yielding a self-assembled monolayer

124, 131 .
7" But silanes are

(SAM) onto the TCO substrate and are thus harnessed in quite diverse areas.
quite prone to self-aggregation, the process of which is favored by high water and/or silane

precursor concentrations. As a consequence, the binding is much dependent of the immobilization
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procedure and often leads to multi-layers. This issue is partially solved by the use of silatrane

132 Yet, the immobilization with silanes is also

groups that foster ideal cross-linked monolayers.
deeply hampered by a well known hydrolytic instability, even in mildly aqueous solutions. 124 This

main drawback prevents them to be widely utilized in DS photoelectrodes for WS.

2.2.2.3.3. Carboxylate binding
Interlinkages involving carboxylic acids have been broadly harnessed onto TCOs, especially
for the attachment of dyes at the surface of TiO; in DSSCs. 0% 129 Carboxylic acids are found to
generate different binding modes (Figure 1.34, left) as commonly evidenced through infrared (IR)
or XPS.'"™ '3 Electrostatic or H-bonded architectures, also called outer-sphere adsorption
complexes, reveal particularly weak. But thermal conditions might promote the formation of more
stable inner-sphere adsorption complexes (Figure 1.34, right). Whether the adsorption involves a

mono- or bi-dentate bridging is also believed to influence the strength for attachment.
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Figure 1.34. Possible binding modes for interactions with carboxylate at the surface of TCOs (left) and
solvothermal condensation of physiadorbed to chemiadsorbed carboxylate onto TiO, (right). Reproduced
and adapted with permission from ref'**, copyright 2014 John Wiley & Sons, Inc.

Nonetheless, the carboxylate linkages are well known to be prone to facile hydrolysis.mb’ 134

This point is particularly noteworthy in the context of water splitting where the aqueous media,
likely acidic at the photocathode, could accelerate the desorption. To bypass this weakness, dyes
displaying several carboxylic acid groups have been designed and successfully integrated into
NiO based p-DS photocathodes.lzzd’ 123135 Eor instance, Ru trisbipyridine-like derivatives bearing
two carboxylic acids proved to display a high affinity for the attachment to NiO surface compared
to other grafting moieties.'”> Along with this strategy, a rather easy synthetic chemistry and
simple attachment procedures also render the carboxylic acid derivatives an interesting option for

grafting dyes/catalysts onto NiO.
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The anchoring through phosphonate binding is known to display good hydrolytic stability.'**

136 Such layers might be obtained from phosphonic acids, rather insoluble in organic solvents, or
alternatively from phosphonate ester derivatives. Various media can hence be used for their

immobilization. This feature permits an appropriate choice of solvent, eventually driving the

. . 124, 136
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Figure 1.35. Possible binding modes of phosphonates at a TCO surface (left) and mechanisms of
condensation for the formation of phosphonate anchored monolayers with a Lewis acidic (route 1) or
weakly Lewis acidic (route 2) TCO metal (right). Reproduced and adapted with permission from ref'**,
copyright 2014 John Wiley & Sons, Inc.

Other reaction parameters such as temperature, pH or ionic strength also affect chemisorption
of the phosphonate groups.136b Indeed, as for carboxylate, phosphonate anchored moieties display
mono-, bi-, or tridentate binding modes that might involve hydrogen bonds (Figure 1.35, left). In a
general manner, a mild thermal annealing subsequent to sensitization improves the grafting by the
condensation to covalent P-O-M bonds (M being the metal of the TCO)."** " For example,
time-of-flight secondary ionization mass spectroscopy (ToF-SIMS) permitted to evidence through
the surface mass spectrometric analysis such covalent P-O-Ti bonds onto a TiO»-like surface."’’
The formation of these covalent linkages occurs with different mechanisms depending on the
Lewis acidity of the media (Figure 1.35, right), but is generally fostered by high oxidation levels
of the metal M."**

Being quite resistant to hydrolysis and practically simple, the attachment through phosphonate

groups has been widely implemented to anchor photosensitizers and/or catalysts onto TCOs (as
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TiO,, ITO or FTO) which results in OER photoanodes able to steadily operate in aqueous
media.*® ** While they also showed advantageous properties for the integration of dyes in NiO-
based p-type DSSCs,"*” phosphonic acids provide a promising anchor to construct DS
photocathodes for HER.

2.2.24. Challenges

Although the main constituent possibly utilized to build a H, evolving DS photocathode are
known, several challenges actually underlay the architecture.

A first constraint arises from the kinetics imparted by the rate of processes related to
multielectronic catalysis at the HEC (underlined by a question mark in Figure 1.30). For instance,
holes are known to be injected very fast into NiO. But a slow electron transfer to catalyst and/or
slow HER catalysis would by contrast favor recombination.

The second challenge is correlated with the use of water as a solvent of choice that might lead
to interfacial charging effects at the surface in a pH dependent fashion. Specifically, the Fermi
level of the SC tends to align with the equilibrium potential of the species in solution, yielding a
so-called band-bending phenomenon. Usually neglected for nanoparticulate films, a recent report
pointed out that such an effect might bend bands to the extent of 800 mV in the case of NiO films,
as a result of the low dielectric constant of this material.'" If observed, such an important band
bending would have a major impact of the interfacial transfers at NiO surface.

Finally, the third constraint is also related with water as a solvent, which, through pH effects
might ease the desorption of anchored dye and/or catalysts.

We will now introduce the few successful examples of effective DS photocathodes for HER.

2.2.3. State-of-the-art examples of dye-sensitized photocathodes
for hydrogen evolution

A wide range of inorganic photocathodes based on solid-state EA materials for both light-
harvesting and catalysis have been described and can operate HER from various aqueous

conditions.?> 138

Besides, much fewer examples harnessing molecular components have been
reported until now. Hybrid architectures have emerged, coupling the use of a molecular catalyst
along with material-based photosensitizers, like intrinsic solid-state inorganic SCs or, more
recently, organic ones.* Especially, some hybrid structures constructed onto solid-state SCs
proved that efficient molecular catalysts can be successfully implemented in light-driven HER

electrodes.® ¥ A comprehensive description of these systems is out of the scope of the current

introduction and has been the object of a recent review published by the group, added as an
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appendix of the manuscript (Paper II).¥ But a relevant example of such systems has been
presented by G. Moore and co-workers in a work where the authors chemisorbed a cobaloxime
catalyst within a polymeric matrix grafted on an intrinsically photoactive (100) p-GaP (Figure
1.36, left). The resulting photoelectrode proved to evolve hydrogen quite steadily from neutral
aqueous media and with onset photovoltage as high as 760 mV vs RHE. The presence of the
supported cobaloxime was clearly demonstrated to largely promote HER catalysis. The study,

1394, 139 points out the beneficial income provided by molecular catalysts for proton

among others,
reduction once coupled with LH parts.

This knowledge participates in the design of photocathodes gathering molecular components
for both light-harvesting and hydrogen evolution catalysis. These architectures have emerged
recently and are presented here along with their integration into tandem cells for overall WS,

when realized.

2.2.3.1. Proofs of concept

To gain insight into the influence of aqueous conditions for p-type photoelectrodes, our team in
collaboration with others first investigated the light-driven electronic injection from dye-
sensitized TCOs towards a sacrificial electron acceptor (SEA) in solution.'” ' Especially,
during this work we contributed to the construction of photocathodes by sensitization of NiO with
a push-pull organic dye (Figure 1.36, right). This study has been recently published and is added
as an appendix of the manuscript (Paper III),"*" but we summarize here the main insights it
contains.

The photoelectrode obtained after sensitization with the organic dye displays a quasi-
homogeneous distribution of the dye on the surface, as evidenced from a resonance Raman
mapping. Under irradiation, a cathodic photocurrent establishes in the presence of the
[Co(NH3)sCI]Cl, SEA in solution. At an applied potential of ca 0.47 V vs RHE, the photocurrent
stabilizes around —200 pA-cm 2, byword of sustained light-driven electron injection towards the
SEA (Figure 1.36, right). Of important note, these steady photocurrents are observed in an
aqueous pH 4.5 acetate buffer, which has been reported as an interesting media for HER catalyzed
by supported [Co™(DO)(DOH)pnL,].”> This observation is encouraging towards the application
of such a photocathode for HER. Also of note, the photocurrent density does not increase linearly
as a function of the NiO thickness but nearly saturates for electrodes made of two layers of the
nano-templated NiO films (about 500-600 nm). This point might be explained by the limited
diffusion of SEA within the film but also echoes with the rather thin optimal thickness for NiO-

based DSSCs (around 2 pm) due to the moderate hole transport properties.''
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Figure 1.36. Hybrid inorganic SC-cobaloxime photocathode for HER (left)"*** > ! and a push-pull
organic dye attached to NiO in a p-type photocathode approach (right).'*

Further on, Odobel, Collomb and co-workers used electrodes prepared by the sensitization of
NiO with a Ru(bpy); analogue PS to perform the photoelectroreduction of various molecular
HECs under non-aqueous conditions (acetonitrile solvent).'** Namely, cathodic photocurrents are
observed for the light-driven reduction of [Rh™(bpy)Cl]"-like complexes into [Rh'(bpy),]-like
precatalysts. In the presence of a weak acid, a Rh""-hydride intermediate is formed but the driving
force is not sufficient enough to enable photoelectrocatalytic hydrogen evolution. The utilization
of a stronger acid results in an almost total loss of the photocurrent. The authors tentatively
assigned this loss to the variations in the NiO flat-band potential as a function of acid
concentration, which hinder electron injection at high acid concentration.

If here the reduced catalyst in solution was not proven to catalytically generate hydrogen, the
group of Sun gave in 2012 the first proof for this concept by simply drop casting a cobaloxime at
the surface of a Pl-sensitized NiO electrode.'* Submitted to light irradiation, the electrode
evolves hydrogen at —0.4 V vs Ag/AgCl from neutral (pH 7) aqueous media, as monitored by H;
detection through a Clark electrode. Photocurrents fall in the —5 to —20 pA-cm > range, yet
experiencing a rapid decay (within minutes). This decay was explained by the leach of the

physiadsorbed, thus weakly bound, catalyst from the surface.

2.2.3.2. Towards fully immobilized photocathodes

To further warrant sustained performance, it appeared that the immobilization of both dye and
catalyst at the surface was required. Two strategies might be envisioned in this aim.

The first one consists in anchoring in parallel the dye and the catalyst at the surface, in the so-
called co-grafting strategy (Figure 1.37, top left). A main advantage of such a strategy is the easy
screening of different dye/catalyst couples at the surface that does not need challenging synthetic
chemistry. Also, the light-harvesting and the multielectronic catalytic processes are spatially
decoupled one from each other. This point is particularly interesting if the kinetics of these

processes are not in good correlation. Noteworthy, this approach was broadly harnessed in the
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field of OER photoanodes to couple Ru(bpy)s-based PS and molecular oxygen-evolving catalysts
(OECs) at the surface of TCOs.'*"

The second strategy relies on a supramolecular or covalent linkage of the dye and the catalyst
within the same molecular entity (Figure .37, bottom left). Although more synthetically
challenging, this means proved fruitful in the past to create supramolecular assemblies between a

5 these systems

dye and an HEC, such as cobaloximes. Developed by our group'** and others,
showed electron injection from the dye into the catalyst. The supramolecular assemblies can lead
to improved light-driven hydrogen evolution as compared to the bimolecular analogues.'*
Attached on a surface, such assemblies should also give directionality to the electron transfer from
the surface to the catalyst through the excited state of the PS.

Both strategies have been explored, but only limited occurrences are reported in the literature

to date.
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Figure 1.37. Co-anchoring strategy principle (top left) and example (top right) and supramolecular or
covalent strategy principle (bottom left) and example (bottom right) to create DS photocathodes for HER.

The co-grafting approach was set up by Hammarstrom and co-workers to immobilize a
coumarin organic dye and a Fe-based molecular HEC at a NiO electrode (Figure 1.37, top
right)."*® The surface attachment is ensured through carboxylate anchoring groups and assessed by
UV-visible spectroscopy and resonance Raman data. The authors performed transient absorption

measurements on the thusly created electrode, which lead them to propose a mechanism for
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electron transfer at the surface, summarized here. Upon laser excitation of the dye, a dye /NiO"
pair is formed within the femtosecond time range, as expected by the fast hole injection on NiO.
A large driving force (ca 500 mV) enables electron hopping from the reduced dye to the catalyst.
This electron hopping is found to occur under the time resolution of the setup used. The
recombination of the electron on the reduced catalyst with a hole in NiO is observed within the
microsecond time scale. This slow recombination time contrasts with the one observed from the
reduced dye in the absence of co-attached catalyst (picosecond range). Hence, the measurements
demonstrate a rather long lifetime for a reduced catalyst at the surface of NiO. This mono-reduced
catalyst species thus lives long enough to possibly expect a second reduction process permitting
HER catalysis to proceed, prior to recombination. Although the study is not directed toward H,
production and detection, this result is therefore encouraging for the construction of co-grafted
electrodes.

Alternatively, the strategy based on supramolecular assembly was explored by Wu and co-
workers. The authors first attached a Ru(bpy)s-based PS with push-pull properties onto NiO. A
pendent pyridine on the PS serves to axially coordinate the Co center of a cobaloxime creating a
supramolecular assembly (Figure 1.37, bottom right)'*’ as supported by the measurement of the
related association constant. Inductively-coupled plasma (ICP) mass spectroscopy (MS) realized
after dissolution of the film showed that only 1 cobalt atom is present for 10 ruthenium ones.
Nonetheless, photocurrents are observed in neutral aqueous media, starting from ca 0.42 V vs
RHE and saturating at about —8 pA-cm . A two-fold increase in photocurrents is observed when
NiO is coated through atomic layer deposition (ALD) of alumina before the dye-catalyst entity is
anchored. This layer is indeed expected to diminish the charge recombination at the interface. The
ALD-protected electrode also shows sustained photocurrents over time (2.5 h) that equilibrates
around —10 pA-cm ™ at an applied potential of 0.1 V vs NHE. Subsequent hydrogen evolution is
observed with a 68% faradaic efficiency, as detected by GC analysis. The observation of steady
photocurrents is in line with the noteworthy stable surface attachment of the PS through a
carboxylic acid moiety. The stability of the anchoring is shown by the insignificant desorption of
the PS upon prolonged immersion in the buffer used for photoelectrocatalytic experiments. Of
note, the sustained hydrogen production through pyridine bound cobaloximes is rather unexpected
given that such an axial ligand can possibly decoordinate during extensive catalytic HER cycling.
This study thus set a first landmark for immobilized dye-catalyst supramolecular assemblies
actually realizing light-driven hydrogen evolution, but also opens a room to improve the coupling

between the two entities, for instance through the introduction of a covalent link.
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2.2.3.3. DS photocathodes for HER integrated in tandem devices

While it has been proven that photocathodes only based on molecular components can
efficiently proceed HER, recent works joined such photocathodes with OER photoanodes for the
construction of tandem cells able to perform overall light-driven WS.

A first example was provided by the groups of Mozer, Biuerle, Bach and co-workers using the
NiO-based photocathode described above for p-DSSCs (Figure 1.33)."**! Operated in neutral
aqueous media, the electrode yields photocurrents in the range —2 to —4 pA-cm > at 0 V vs
Ag/AgCl that reveal steady over 4 hours and generate hydrogen with unity faradaic efficiencies.'*
Upon light excitation, the reduced forms of the push-pull organic dye is proposed to be
responsible for hydrogen evolution, given its large cathodic potential (—1.3 V vs RHE at pH 7). In
good agreement, IPCE measurements unambiguously relate the observed photocurrents to light
absorption by the attached PS. But to the best of our knowledge, no mechanism for the direct
proton reduction catalysis on organic dye has been reported yet. Nonetheless, the rather good
stability of the photoelectrode is strongly supported by experiments of desorption of the dye
performed in different aqueous media (deionized water, | M HCl and 1 M NaOH). Whatever the
pH, the PS was shown to bind to surface over months (213 days) without significant leach off in
the dark. When light is shined on the samples, degradation is observed, that is more pronounced in
acidic media, albeit on quite long times (120 hours). Such data speak in favor of a strong
attachment of the organic dye onto NiO and give a ground to the anchoring through multiple
carboxylate moieties.

The prolonged performance of the photocathode was harnessed to construct a tandem cell by
the introduction of an OER BiVO,4 photoanode. The two electrodes display photocurrents in
overlapping potential ranges, which indicates a possible concerted work in a tandem device.
Indeed, under light irradiation the 2-electrode device establishes a current around 2-4 pA-cm? in
a steady fashion over 12 hours. This current is further correlated to hydrogen evolution at the
photocathode in ca 80% faradaic efficiency. But O, formation at the photoanode could not be
evidenced, likely arising from the sensitivity limit of the GC setup used here. In this case, both
electrodes are enlighted by two parallel light beams which does not reflect real conditions
envisioned for such a setup. But the utilization of an organic PS, at the photocathode here, permits
to further imagine the design of dyes absorbing in complimentary regions of the solar spectra for
the DS photocathode and -anode. Such complementarity would make possible the use of these

electrodes in a tandem device where both are crossed one after each other by the same raylight.
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This strategy has been very recently brought further by Sun and co-workers, capitalizing on
previous works on tandem devices.'*® A tandem cell was constructed based on a photocathode and
a photoanode both integrating organic dyes and molecular catalysts for HER and OER,

respectively (Figure 1.38).'*

Under illumination, the co-grafted cobaloxime/P1 NiO-based
photocathode was evidenced to develop cathodic photocurrents about —35 pA-cm > at —0.2 V vs
Ag/AgCl in phosphate buffer at pH 7. This photocurrent slowly decays to ca —20 pA-cm * after
90 min but results in H, generation, as detected by GC, in a 68% faradaic yield. In the absence of
a co-anchored HER catalyst, the observed photocurrent is much less intense (ca 4 pA-cm2). This
observation represents an interesting proof of concept for the co-immobilization strategy. As well,
sustained photocurrents tend to demonstrate that the phosphonate linkage used to
supramolecularly attach the cobaloxime at the NiO does not leach off over time, even in a neutral
phosphate buffer. The sustained photocurrents are also noticeable since the H-bridged

cobaloximes can undergo deactivation or decoordination over extensive turnover from the

pyridine ligand ensuring the surface grafting.
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Figure 1.38. Tandem cell device based on fully molecular photocathodes and photoanodes.'*’

The TiO;-based photoanode constructed in the same work also displays stable activity with
photocurrents equilibrating about 200 pA-cm > at 0 V vs Ag/AgCl in an identical buffer. The
authors thus built a tandem device gathering the two photoelectrodes. Irradiation from the
photocathode side proves here particularly interesting. This electrode is actually less absorbing
and permits a higher light intensity to reach the photoanode that overall drives the device. Further
investigations were however realized with illumination from both sides, thus securing higher

photocurrents. The two electrodes being mounted as the working and the auxiliary electrodes, an
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unbiased light-driven experiment yields photocurrents in the 75-50 pA-cm

range over 10
minutes. The less performing electrode, which is the photocathode, was shown to develop —35
nA-cm* poised at —0.2 V vs Ag/AgCl in a 3-electrode classical setup. Therefore, this electrode is
expected to limit the current at similar values in the tandem device, by contrast to the observation.
The authors postulate that the good adjustment of both electrodes assists the charge flow in the
tandem device and permitsto reach higher currents.

Nonetheless, extending light irradiation further stabilizes the photocurrent to values about 15-
20 pA-cm”, while displaying hydrogen evolution in a 55% faradaic efficiency. These
measurements allow the determination of a STH efficiency for the tandem device, reported at
0.05%. The activity of the tandem device is possibly favored through the use of organic dyes
displaying UV-visible absorption maxima slightly shifted (ca 50 nm). This point is further
supported by the IPCE spectrum of the complete device which overlaps regions corresponding to
both dyes, although it also displays a large band at wavelengths inferior to 400 nm and possibly
assigned to the absorption of NiO.

Overall, the study reported here gives insightful details to drive the construction of molecular

photocathodes for HER that can be implemented in full WS devices.
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3. Lessons from the state-of-the-art

During the last 25 years, many hydrogen evolution catalysts relying only on EA metals have
been developed. Benchmarking studies are still ongoing to shortlist the higher performing and
most appropriate ones for integration in WS devices. However, some of these catalysts displaying
noteworthy features have already been immobilized onto functional HER electrodes. The
attachment of [Ni(PZPhNZPh)z]2+ onto CNTs represents the class example of bio-inspired electrodes
for hydrogen evolution and uptake in rather acidic aqueous media. Similar constructions with
[Com(DO)(DOH)anz] anchored to a GDL/MWCNT assembly also successfully achieve proton
reduction at a milder pH value, a priori more adapted to the use in PEC devices.

As such, the current work takes this last construction, mastered in the laboratory, as a starting
point. In Chapter II, the investigations will be directed to the assessment of figures of merit related
to the use of such [COHI(DO)(DOH)anz]-based electrodes in devices. On this, the behavior of
the catalyst under acidic media and O,-tolerance at the immobilized cathode will be studied.
Further on, the attempts to implement this GDL/MWCNT-Co electrode within a tandem cell are
reported.

In the same vein, [Com(DO)(DOH)anz] have also been attached onto mesoporous templated
TCOs resulting in high surface coverage. In Chapter I1I, this point will be set as a first step toward
the construction of photocathodes. Studies involving new derivatization paths for the catalyst,
followed by its anchoring onto TCOs are presented in a second part.

Building p-type molecular photocathodes for hydrogen evolution and which rely on
[Co™(DO)(DOH)pnL,] will constitute the last part of the work and be presented in Chapter IV.

The co-grafting strategy was shown to lead to effective photocathodes. Of particular interest,
its modularity will be harnessed to join dyes with a catalyst derivative onto NiO, a benchmark
material for DS photocathodes. In that aim, push-pull organic dyes have been identified as good
candidates for the design of dye-sensitized photocathodes, both regarding LH/CS and stability
properties. Hence, an organic dye will be broadly put at stake here, keeping in mind the Ru(bpy)s-
like PSs reference. In addition, we will specifically investigate around species bearing anchoring
groups as phosphonate or carboxylate for attachment onto surfaces, as they were successfully used
in effective HER photocathodes.

Last, but not least, the elegant supramolecular approach that was developed in the group earlier
on will be extended to the construction of covalent dye-catalyst dyads for surface immobilization.
Facing with challenges in molecular synthesis, recent advances in this direction will be briefly

described in the final part.
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Chapter 11

From catalytic behaviour in aqueous media
to device integration

This chapter deals with the catalytic performance of the [CoHI(DO)(DOH)anZ] HER catalyst
in aqueous media, towards possible integration in a device.

First, the activity of the catalyst, either in homogeneous phase or immobilized onto the
GDL/MWCNT-Co electrode is investigated with regard to the pH. A recent report emphasized
an improved activity of the catalyst in aqueous acidic media.' Taking this report into account, our
study shed light on the origin of the catalysis at low pH.

Second, the activity of the GDL/MWCNT-Co electrode is investigated again but in the
presence of oxygen in the aqueous electrolyte. This point is particularly important if the cathodic
material is to be implemented in a tandem cell where oxygen, produced at the anodic part, might
reach the cathode.

To conclude this piece of work, we report on the implementation of the GDL/MWCNT-Co
cathode within a tandem cell. These investigations were conducted in collaboration with the group
of A. Moore, T. Moore and D. Gust at Arizona State University and supported by the Solar Fuels
Institute (SOFI). Attempts to realize light-driven overall WS in this device are presented. Some

important conclusions are drawn that give noteworthy details for the next studies.
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1. About the activity of cobalt diimine-dioxime
catalyst 1n acidic aqueous media

To achieve the reductive side of water splitting, hydrogen evolution catalysts are in fine to be
used in water. Thus, aqueous conditions are highly desirable to benchmark the catalytic
performance, like TOFs, overpotential requirements or stability.

Back in 2012, our group reported a study dedicated to assessing the performance of
[COHI(DO)(DOH)anz] in water, since precedent electrochemical investigations had been
conducted only in organic solvents. With that aim, electrochemical studies of HER catalyzed by
[Co™(DO)(DOH)pnL,] were performed in the well-known phosphate buffer (KPi) at pH 7.2
These neutral conditions are particularly relevant for overall WS.

Under such conditions, a cathodic scanning of [Co™(DO)(DOH)pnCl,] results in a hydrogen-
evolving catalytic wave from ca —0.9 V vs Ag/AgCl. However, the HER activity was
accompanied with the deposition of a composite film. A similar coating can also be obtained by
the use of simple cobalt metallic salts (e.g. Co(NO3)-6H,0). The deposit was characterized
through different techniques as energy dispersive X-ray spectroscopy (EDX), XPS, X-ray
absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS).
The coating was evidenced to be a nano-particulate material made of a metallic cobalt core
surrounded by cobalt-oxo/hydroxo/phosphate layers. This material is active for proton reduction
catalysis in cobalt-free media with an onset potential of ca 50 mV vs RHE as detected by an in-
line GC setup. Of note, nitrogen is not found within the film when [CoIH(DO)(DOH)pnClz] is the
starting material. This observation indicates the complex is split during aqueous cathodic
scanning, likely joined with the decomposition of the ligand. Therefore, a major conclusion of this
work is that the HER activity of [Co™ (DO)(DOH)pnCl,] in its molecular form is quite unlikely
under homogeneous neutral aqueous conditions. Actually, the ambiguity in the nature of the
catalytic species, either as homogeneous molecules or as heterogeneous and nanoparticulate
materials arising from the decomposition of a molecular pre-catalyst, is well known in catalysis.
This issue has been reviewed at several occurrences, especially in the context of WS.?

On the other hand, Peters and co-workers recently reported about proton reduction catalyzed by
molecular cobalt-based HECs, including [COHI(DO)(DOH)pn(H20)2]2+, in aqueous acidic media.
Their study points out the good activity for hydrogen evolution of the molecular complex at pH
2.2, conditions under which the complex was found to be stable. With the light shed by the studies

in our group® and others,® the stability of the complex is rather unexpected in aqueous and/or
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acidic media. This point led us to re-investigate the conditions used by Peters and co-workers, to
gain more insights in the electrochemical behavior of the catalyst in acidic aqueous media.

Poised at negative potentials in a pH 2.2 buffer, we could demonstrate that the molecular
complex actually degrades. This degradation leads to the deposition of Co-based nanoparticles on
the electrode surface, which are the true HER catalyst. However, the detection of the deposited
material is tedious and cannot be performed by classical rinse-test experiments.

Our findings are developed and formatted here in the structure of an article that was recently
published and to which the reader is referred to. Notations and references are inserted in this

article independently from the whole manuscript.
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ABSTRACT: The perspective of integrating molecular catalysts for -

hydrogen evolution into operating devices requires the benchmarking of K¢ () Q
their activity preferentially in aqueous media. Within a series of cobalt ‘/L H, 7
complexes assessed in that way, cobalt diimine—dioxime derivatives were v ZJ y

shown to be the most active catalysts with onset overpotential for proton
reduction as low as 260 mV in phosphate buffer (pH = 2.2) (McCrory et
al. J. Am. Chem. Soc. 2012, 134, 3164—3170). Combining a set of
analytical techniques (electrochemistry, gas chromatography, SEM, and
XPS), we demonstrate here that the electrochemical wave previously
assigned to H, evolution catalyzed by the molecular complex actually

Molecules

corresponds to low levels of catalytic hydrogen production (<27% r‘.“’,’ﬁ'((lleOLxS medias \

Nanoparticles

faradaic yield). Instead, we assign this wave to the reductive degradation catalytic species?
of the molecular complex and to the formation of a nanoparticulate

deposit at the electrode. Actually, this coating is responsible for the high faradaic yields for hydrogen evolution observed at more
cathodic potentials. The catalytic nanoparticulate material is metastable and readily redissolves, so that rinse-test experiments
were insufficient here to rule out the formation of solid-state materials. This point accounts for the previous misidentification of
the active species in H, evolution mediated by a cobalt diimine—dioxime complex in aqueous phosphate buffer (pH = 2.2). Our
finding, exemplified on a cobalt complex, may be extended to other molecular systems and suggests that the routine use of rinse-
test experiments may not be sufficient to ascertain the molecular nature of active water-splitting catalytic species.

KEYWORDS: cobalt, nanoparticle, cobaloximes, diimine—dioxime complexes, solar fuels, electrocatalysis, rotating ring disk electrode

H INTRODUCTION metallic centers such as Co, Ni, Fe, or Mo.>™® Over the last
10 years, efficient HER catalysts have been reported, the
performances of which have been demonstrated in solution
based on photo- or electrochemical measurements. The
challenge is now shifting toward their integration into
technologically relevant devices such as tandem photoelec-
trochemical cells. Yet, a major prerequisite step, that has been

The rise of a post-oil economy requires that economically
viable and sustainable solutions are developed for massive

1 . . . .
energy storage. Hydrogen technologies are appealing in this
context because of the high energetic content of the H-H
bond. In addition, a circular economy can be derived from a
combination of water electrolysis, hydrogen storage and fuel

cell technologies. However, these technologies significantly rely underestimated so far, consists in the evaluation of molecular
on the use of noble metal catalysts such as platinum and cannot catalysts under realistic conditions (ie, in aqueous media).
be extended at the terawatt scale because of scarcity and cost.” Indeed, most of the electrocatalytic and photocatalytic studies
The search for alternative noble metal-free catalysts for the

hydrogen evolution reaction (HER) is the focus of intense Received: February 4, 2016

research programs. Molecular chemistry allows the design of Revised:  April 30, 2016

highly tunable catalytic systems based on earth-abundant

v ACS Publications © XXXX American Chemical Society 3727 DOI: 10.1021/acscatal.6b00378
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Figure 1. Structure of [Co(DO)(DOH)pnCl,] (1Cl,) and representation of the GDL/MWCNT-[Co] electrode.

on such molecular complexes are typically carried out in
nonaqueous solvents, and methodologies have been reported to
benchmark the performances of HER catalysts under such
conditions.”’® By contrast, only few benchmarking method-
ologies have been reported in fully aqueous media.'"'
Targeting the implementation in devices, our group recently
reported on the covalent attachment of the cobalt diimine—
dioxime HER catalyst [Co(DO)(DOH)pnCl,] (1CL, Figure 1)
to multiwalled carbon nanotubes (MWCNTs) deposited onto a
gas diffusion layer (GDL)."” The obtained hybrid electro-
catalytic material, GDL/MWCNT-[Co], sustainably evolves
hydrogen from an aqueous acetate buffer (pH = 4.5) while
retaining the structure of the molecular catalyst. The onset
overpotential for H, evolution catalysis was determined to be
~350 mV (this value corresponded to the minimum over-
potential for which H, was detected using gas chromatog-
raphy). On the other hand, a study by Peters and co-workers
systematically assessed the performances of this complex, along
with other Co macrocycles, for electrocatalytic proton
reduction in a wide range of acidic to neutral aqueous buffers
using rotating disk electrode (RDE) and chronocoulometric
measurements.'' The authors especially pointed out an
aqueous phosphate buffer at pH = 2.2 in which the diaquo
derivative 1(H,0),*" evolves hydrogen with high faradaic yields
(>80%) and at low overpotential values (260 mV at the onset
of the catalytic wave and 380 mV at the midwave). Under these
conditions, the formation of catalytically active nanoparticles,
something we refer to as the Dark Side in the title of this article,
via the reductive decomposition of 1(H,0),** was ruled out
through rinse-test procedures. Rinsing is usually used by
electrochemists to remove soluble components that are only
weakly physisorbed to the electrode surface. In that case, the
rinsed electrodes did not display any significant catalytic activity
for hydrogen evolution, indicating that this activity is not
related to the coating of the electrode surface with an insoluble,
strongly attached species formed through decomposition of the
molecular species introduced. Later on, a study by Anxolabé-
hére-Mallart and co-workers performed in nonaqueous media
on similar cobalt glyoximato complexes indicated that the
catalyst may be cobalt nanoparticles and not the introduced
molecular catalyst.'* We also demonstrated that such a
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degradative process readily occurs in neutral phosphate buffer
(KPi, pH = 7) from 1Cl, with formation of a nanoparticulate
material (H,—CoCat), active for the HER."> Of note, solvation
and displacement of chloride ligands by solvent molecules is
known to occur in this series of complexes for cobalt oxidation
states below II,'® so that using 1(H,0),*" or 1Cl, as starting
material should not make any difference. In fact, interrogating
the nature of the true active species is major in molecular
catalysis in general and water splitting in particular. An
elucidation in this regard is not easy because low amounts of
synthetic impurities, adventitious metallic traces or degradation
products are potential effective catalytic entities.'*"”~"” Reach-
ing a solid conclusion generally requires the combination of
several analytic techniques (electrochemistry, microscopy,
spectroscopy....) and to develop specific experimental protocols.

Herein, we differentiate molecular catalysis, the process
involved on decorated electrodes from its Dark Side (ie.,
heterogeneous catalysis originating from degradation products).
While the molecular complex turnsover in aqueous media and
retains its molecular structure once grafted on MW CNTs,"® we
present a set of data gained with multiple techniques
demonstrating that 1Cl, actually decomposes in acidic aqueous
solution under reductive conditions and forms a solid-state
HER active material, in contrast with the conclusions of the
previous study.'' In particular, a clarification was possible
through electrochemical investigations directly coupled to the
detection of hydrogen and combined with a careful analysis of
the electrode materials after use. We further evidence that the
in situ generated active nanoparticles are not stable enough for
facile identification. Our results therefore question the value of
basic rinse-test measurements, routinely provided as the only
control experiment to exclude water-splitting activity by
strongly adsorbed and insoluble solid-state entities formed
through decomposition of molecular catalysts.'” This report
finally proposes methodological pieces of advice to fully address
this important issue regarding the benchmarking of the
performance of molecular electrocatalysts.

B EXPERIMENTAL SECTION

Materials and Reagents. Synthetic starting materials
purchased from Sigma-Aldrich, sodium perchlorate (Prolabo),

DOI: 10.1021/acscatal.6b00378
ACS Catal. 2016, 6, 3727—-3737
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potassium dihydrogenophosphate (Acros), phosphoric acid and
acetic acid (Fischer), all in the highest purity available, were
used as received, unless otherwise stated. Acetonitrile and
dichloromethane were distilled over CaH,. Nafion 117 solution
(S wt % in a mixture of lower aliphatic alcohols and water) was
purchased from Sigma-Aldrich. UP-NC7000WT (purity >90%)
multiwalled carbon nanotubes (MWCNTSs) were obtained
from Nanocyl. The gas diffusion layer (GDL) substrate
(CARBEL CL-P-02360) was purchased from GORE Fuel
Cell Technologies.

The cobalt diimine—dioxime complex [Co(DO)(DOH)-
pnClL,] (labeled 1Cl,) and the dichloro cobalt complex of a
diimine—dioxime ligand bearing an activated ester group,
[Co(DO)(DOH)Cy-pnCl,] (labeled [Co]) were synthesized
as previously described."> (4-Aminoethyl)benzene diazonium
tetrafluoroborate was prepared according to literature proce-
dures.”® The GDL/MWCNT and GDL/MWCNT-[Co]
cathodes were made following procedures described in a
previous study."

Electrochemical Measurements. Electrochemical analysis
was performed using a BioLogic SP300 bipotentiostat and a
typical three-electrode setup. A titanium wire was used as the
auxiliary electrode and a Ag/AgCl, KCI (3 M) (denoted below
Ag/AgCl) as the reference electrode. The potential of the
reference electrode was calibrated after each experiment either
with hydroxymethylferrocene (redox couple noted as
Fecmon™®) directly in the electrochemical cell or with the
[Fe(CN)4]> /[Fe(CN)s]*~ couple in an external electro-
chemical setup. Calibrations against the [Fe(CN)q]*>"/[Fe-
(CN)4]*™ couple were performed with a glassy carbon
electrode (0.07 cm?*) and a platinum wire as working and
auxiliary electrodes, respectively, in 0.5 M potassium phosphate
buffer (pH = 7). The potential of the [Fe(CN)¢]*~/
[Fe(CN)]*" couple is denoted below as Exge(mm/re(yy and the
conversion of potentials against the Reversible Hydrogen
Electrode (RHE) potential is thus realized using the following
equation: Ey g = Eys ag/agar = Ere(mm/re(in) + Ere(1mm)/Fe(tr) vs NHE
+ 0.059 X pH, where Eg(m)/ge(m) vs nae = 0446 V refers to the
tabulated value of Eg,u)/peq) against the Normal Hydrogen
Electrode (NHE) potential.>’ This calibration procedure
allowed us to reference the Fegpon™® couple at 0.395 V vs
NHE under our working conditions, slightly lower than
reported elsewhere under different conditions (0.435 V vs
NHE).>* The potentials calibrated against the Fecmon™?
couple were corrected with the value we determined. We
used both GDL/MWCNT-modified electrodes described
above and glassy carbon disks (Origalys, 1.1 cm?®) as the
working electrodes.

The electrolyte used was an aqueous potassium phosphate
buffer (0.1 M, pH = 2.2) with 0.1 M NaClO,.

Electrochemical Measurements Coupled to Gas
Chromatography for H,-Evolution Rate Determination.
Chronoamperometry (CA) and linear sweep voltammetry
(LSV) measurements were carried out in a two-compartment
three-electrode electrochemical cell. The working and reference
electrodes were placed in the same compartment filled with the
electrolyte loaded with 1Cl, when specified. The counter
electrode was placed in a second compartment of the cell filled
with the unloaded electrolytic solution. The GDL/MWCNT-
modified electrodes were stored in closed falcon tubes under
N, and glassy carbon disks in an O,/H,O-free glovebox before
surface analysis.
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In the in-line gas chromatography (GC) configuration, the
compartment of the working electrode is continuously flushed
by N, carrier gas, whose rate is fixed through a Bronkhorst EL
Flow Select mass flowmeter at 5 mL-min~". The output gas is
analyzed with a PerkinElmer Clarus 500 gas chromatograph
equipped with a porapack Q 80/100 column (6’ 1/8")
thermostated at 40 °C and a TCD detector thermostated at
100 °C. The GC is mounted in the so-called continuous flow
mode in which the carrier gas stream fills an injection loop of
100 uL in the GC. The content of the injection loop is fed
every 2 min into the GC setup, where gases (H, and O,) are
separated and the area under the peaks computed. Control
calibrations were performed via chronopotentiometric experi-
ments at cathodic currents of —1 mA or —150 yA, in which a
platinum mesh was used as the working electrode to evolve
hydrogen from a 0.1 M H,SO, solution (pH = 1). In these
control experiments, the faradaic yields are assumed to be
unitary, which allows the determination of calibration constants
for large or small currents including all experimental biases of
the continuous flow setup. These values were then used to
relate the area under the H, peak given by the in-line GC to the
experimentally observed production rate of H, in the
electrochemical cell (77,p,)-

The expected production rate for H, derived from the
current i passed in the cell, assuming a unitary faradaic yield, is
calculated following the formula: 7., = i/(2 X F) where F is
the Faraday constant (F = 96485 C-mol™"). The #]qps/Hcur ratio
then gives the instantaneous faradaic yield of the electrode for
H,-evolution. Note that a lag-time exists between the
measurement of the current and the detection of H, in the
GC, which corresponds to a slight shift in the reconstructed
figures. This shift depends on the scan rate and on the gas flow
and can be corrected.” In this study, we decided to show raw
data because they avoid overlapping between current and GC
traces. We only corrected this shift in Figure S1, which displays
two measurements carried out at different scan rates. The
correction was made after calibration with measurements made
at the same scan rates and current ranges, but using Pt
electrodes for which a unity faradaic yield is attested in aqueous
solutions.

Rotating Ring-Disk Electrode (RRDE) Measurements.
A Pine RRDE with a glassy carbon disk (0.196 cm?) and a Pt
ring (0.110 cm®) was used as working electrode. RRDEs were
polished on a MD-Nap (Struers) polishing pad with 1 ym DP
diamond paste (Struers) and DP-blue lubricant (Struers), then
rinsed with ethanol and dried in the air. RRDE experiments
were carried out in a single-compartment electrochemical cell
under a continuous bubbling of nitrogen. The RRDE curves
were recorded at 10 mV-s™’, with a rotation speed of 1000 rpm.
The potential of the Pt ring was set at 0.30 V vs Ag/AgClL
Current collection efficiency has been measured to 18—20%
using the one-electron [Fe(CN)4]*/* redox couple. Calibration
of H, production rates was realized by using the same setup,
while replacing the glassy carbon disk of the RRDE by a Pt disk.
A series of controlled current electrolysis at the Pt disk was
recorded with simultaneous monitoring of the ring current. The
calibration curve for H, production rate measured by the
RRDE setup was drawn assuming the faradaic yield for H,
evolution at the Pt disk equal to unity.

Scanning Electron Microscopy. Scanning electron
microscopy (SEM) images showing the electrode morphology
were recorded with a field emission gun scanning electron
microscope (FEG-SEM) Zeiss-Leo 1530 operating at 10 kV

DOI: 10.1021/acscatal.6b00378
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Figure 2. (a) LSV curves (plain lines) and H, evolution rates as measured by the in-line GC setup (dotted lines) for: GDL/MWCNT (black line),
GDL/MWCNT-[Co] (red line) and GDL/MWCNT with 1Cl, 0.3 mM in solution (blue line). Electrolyte: aqueous phosphate buffer (pH = 2.2);
scan rate: 0.1 mV-s™". (b) Magnification of the low-current-density region for the LSV of GDL/MWCNT with 1Cl, 0.3 mM in solution (aqueous
phosphate buffer pH = 2.2; 0.1 mV-s™"). Scales have been correlated so that superimposition of plain and dotted lines indicate a unity instantaneous
faradaic efficiency. The letters relate to electrochemical events mentioned in the text. H, evolution rates at low current densities are compared in

Figure S2.

and equipped with an energy dispersive X-ray detector (Bruker
SDD EDX detector). The EDX analyses were performed using
a SEM acceleration voltage of 15 kV.

X-ray Photoemission Spectroscopy (XPS). The analyses
were performed with a VersaProbe II spectrometer from
Physical Electronics using a high-resolution monochromatic Al
Ko line X-ray source at 1486.7 eV. Fixed analyzer pass energy
of 23 eV was used for core level scans leading to an overall
energy resolution of 0.6 eV. Survey spectra were captured at
pass energy of 117 eV. The photoelectron takeoft angle was
45°, which provided an integrated sampling depth of
approximately 5 nm. All spectra were referenced against an
internal signal, typically by adjusting the C Is level peak at a
binding energy of 284.8 eV.

B RESULTS

H, Evolution by the Immobilized Catalyst. We
previously described the covalent anchoring of 1Cl, on
MWCNTs deposited onto a GDL. The immobilized catalyst
mediates H, evolution from quite low overpotential values (ca.
350 mV) in 0.1 M aqueous acetate buffer (pH = 4.5), as
depicted on Figure S1."*** As a remark, the overpotential is
taken here as the potential at which the gas chromatography
(GC) setup detected H, and hence relates to the effectively
experienced onset potential for the HER, although certainly
dependent on the sensitivity of the setup. This value is also
comparable to the one determined for the same homogeneous
catalyst in acetonitrile electrolyte.”®*” To check whether more
acidic conditions can be beneficial for the catalytic activity, we
switched to a phosphate buffer (pH = 2.2) similar to that used
by Peters and co-workers'' to benchmark the performances of
macrocyclic cobalt complexes. The linear sweep voltammetry
(LSV) at the GDL/MWCNT-[Co] material was recorded
using the same in-line GC setup. The current onsets from ca.
—0.51 V vs RHE (Figure 2a and S1, plain red lines) with the
concomitant H, production evidenced by GC measurements
(dotted red lines). Actually, the onset overpotential is more
than 200 mV cathodically shifted compared to the one
measured through a RDE technique for 1(H,0),*" in the
same buffer (—0.26 V vs RHE), as reported by Peters and co-
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workers (corresponding to midwave overpotential of 380
mV)."" Besides, the shape of the electrocatalytic process in the
LSV of the GDL/MWCNT-[Co] material is not as Nernstian
as the one reported for homogeneous 1(H,0),>".""""* We took
these observations as first indications that the active species are
not the same in both cases.

H, Evolution by the Homogeneous Catalyst. For
comparison, the LSV at the GDL/MWCNT electrode with
1Cl, (0.3 mM) in aqueous phosphate buffer (pH = 2.2) was
also recorded (Figure 2a, blue lines). In this case, the current
density and hydrogen evolution rate significantly differ from
those measured at the GDL/MWCNT-[Co] material. A first
reduction event (noted as A in Figure 2b) is observed at +0.49
V vs RHE, and the current density reaches a plateau around
—0.03 mA-cm™ attributed to the reduction of 1Cl, from the
Co™ to the Co' state. Such a process was previously described
by Peters and co-workers from similar measurements at a glassy
carbon-RDE but otherwise the same conditions."’ We note that
all axial chloride ligands in 1Cl, are likely replaced by water
molecules in redox states below Co'.'® A second reduction
phenomenon (noted as B, in Figure 2b) is observed starting
from ca. — 0.20 V vs RHE. This wave reaches an inflection
point at a current density of —0.14 mA-cm™ and a potential of
—0.33 V vs RHE. At this point, a third reductive event (noted
as B,) overlays with B,. Finally, the current sharply increases
(process C) reaching 10 mA-cm™ at —0.93 V vs RHE. In-line
GC measurements do not evidence H, evolution concomitant
to the first two events, but only starting from ca. — 0.40 V vs
RHE (onset of wave B,). While the potential of wave B, is
identical to the one of the catalytic wave reported by Peters and
co-workers,'" our observations indicate that this process does
not correspond to H, evolution. Instead, this process might be
involved in the formation of active species, evolving H, at more
cathodic potentials (event C).

Characterization of Electrode Surfaces. Cathodically
scanned GDL/MWCNT electrodes were analyzed by field
electron gun-scanning electron microscopy (FEG-SEM) and X-
ray photoelectron spectroscopy (XPS). At the GDL/MWCNT
electrode measured with dissolved 1Cl, in solution, the
presence of nanoparticles (ca. 50 nm diameter) deposited on
the surface of nanotubes was revealed (Figure 3a). No similar

DOI: 10.1021/acscatal.6b00378
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Figure 3. SEM images for: (a) GDL/MWCNT electrode with 1Cl, (0.3 mM) in aqueous phosphate buffer (0.1 M, pH = 2.2) and (b) GDL/
MWCNT-[Co] electrode in aqueous phosphate buffer (0.1 M, pH = 2.2); both micrographs were taken after LSV measurement until —1.20 V vs
RHE at a scan rate of 0.1 mV-s™'; (c) XPS Co 2ps,, P 2p decomposed core regions and O 1s core region of the electrode from (a). Metallic cobalt

displays a single 2p;/, signal at 777.8—778.5 eV binding energy.z8

deposit was detected at the surface of the GDL/MWCNT-
[Co] cathode after catalytic assay (Figure 3b). XPS analysis of
the nanoparticulate material shows the presence of Co, P, and
O atoms in a 1:1.2:6.7 ratio (Figure 3c), and the absence of
nitrogen. A broad signal for the 2p,/, core level of Co,, is
observed with several contributions (at 780.6, 782.1, 783.6, and
786.8 eV) accounting for Co' species,'® whereas the minor
contribution at 777.8 eV corresponds to metallic cobalt (pink
trace in Figure 3c).”® The P, core region, which is centered at
132.5 eV, exhibits 2 peaks at 132.4 and 133.4 eV in a 2:1 ratio,
attributed to 2p;/, and 2p,, electronic levels, respectively. The
spectrum is quite comparable to that of the previously
described H,—CoCat material which forms from 1Cl, under
reductive conditions in aqueous phosphate buffer (pH = 7).'

Catalytic Activity of the Nanoparticulate Deposit. A
nanoparticulate cobalt deposit on a GDL/MWCNT electrode
was obtained by the cathodic sweep of 1Cl, (0.3 mM) in
phosphate buffer (pH = 2.2). At the end of the scan, the
electrode was quickly disconnected and dried under N,. The as-
prepared electrode was then immediately scanned in fresh
phosphate buffer electrolyte (pH = 2.2) starting from —0.22 V
vs RHE (Figure 4). Simultaneous GC-monitoring reveals H,
evolution catalysis starting from —0.40 V vs RHE, similarly to
GDL/MWCNT measured in the presence of 1Cl,. This clearly
indicates that the Co-based nanoparticulate material formed
during the first cathodic scan is the true active species for H,
evolution. After this second run, XPS analysis of the electrode
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Figure 4. LSV curves (plain lines, scan rate: 0.1 mV-s™') and H,
production rates measured by the in-line GC setup (dashed lines) at
GDL/MWCNT electrodes in aqueous phosphate buffer (0.1 M, pH =
2.2): pristine electrode (black lines) and electrode decorated with the
cobalt-based deposit (purple lines).

surface revealed a similar composition but with a slightly higher
amount of Co° evidenced at a binding energy of 777 eV (Figure
S3).

Rotating Ring-Disk Electrode Experiments on Glassy
Carbon Electrodes. To directly link previous data with those
gained by Peters and co-workers,'" we performed additional
electrochemical experiments at a RRDE with a glassy carbon

DOI: 10.1021/acscatal.6b00378
ACS Catal. 2016, 6, 37273737



ACS Catalysis

Chapter I1

Research Article

G 1.0 -
g "%.\“ Ring
<« 0.5
E
it Q]
&
5 -
<
E
(=]
10
Disk
T T T T T T T T T ™
-0.7 -0.6 -0.5 -0.4 -0.3
E (V) vs RHE

-0.2

(b)

NE 02 % Ring
Q Ay
2 0] N
- 0.1 \\ N
- 0.0 = e
05 A
e 1.0
s e
1 1548
E 0]
=
-25-
Disk
-3.0 : . : : :
050 025 000 025 050
E (V) vs RHE
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Figure 6. Chronoamperometric measurements at —0.14 V (yellow lines), —0.45 V (cyan lines), —0.52 V (blue lines), —0.57 V (purple lines), and
—0.65 V (red lines) V vs RHE at a glassy carbon electrode in aqueous phosphate buffer (0.1 M, pH = 2.2) with 1CL, 0.3 mM: (a) current density vs
time (b) amount of hydrogen produced assuming an unity faradaic efficiency (plain lines) and as observed by the in-line GC setup (dashed lines);
(c) faradaic efficiencies. (d) LSV (10 mV-s™') at the same electrode under identical conditions showing the applied potentials for the
chronoamperometric measurements. Charge passed after 3000 s: 145, 411, 2394, 3930, and 9094 mC at —0.14, —0.45, —0.52, —0.57, and —0.65 V vs

RHE, respectively.

disk and a Pt ring. In such RRDE experiments, the species
reduced at the disk reach the Pt ring poised at 0.30 V vs Ag/
AgCl (ie., 0.60 V vs RHE) where they get reoxidized. The ring
potential was selected so as to reoxidize both reduced cobalt
complexes and H,. With the proper calibration, the ring current
then relates to the amount of reduced species formed at the
disk.

Figure Sa displays RRDE LSV curves recorded in phosphate
buffer (pH = 2.2) with 1Cl, (0.3 mM). The magnification of
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the low currents region (Figure Sb) highlights the early events
at both the disk and the ring electrodes. The disk potential was
swept downward from 0.80 V vs RHE. A first reduction process
(E,, = +0.48 V vs RHE, wave A) yields a current density
plateau around —0.11 mA-cm™ (Figure Sb, gray area)
corresponding to the reduction of Co™ to Co™. The reverse
process occurs at the ring and gives a positive current. At —0.28
V vs RHE, a second wave (B) is observed with a concomitant
increase in oxidation current at the ring (Figure Sb, blue area).

DOI: 10.1021/acscatal.6b00378
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Figure 7. (a) SEM image and (b) Co (K, line) elemental mapping of a glassy carbon electrode equilibrated at —0.57 V vs RHE for 1 h in aqueous
phosphate buffer (0.1 M, pH = 2.2) with 1Cl, 0.3 mM; (c) SEM image of the electrode prepared in a similar manner than (a) after rinsing with
distilled water (See Figure S8 for a micrograph recorded at larger scale); (d) EDX spectra for: top) the surface of electrode shown in (c) (purple
line); bottom) Co-containing particles (red line) and the background surface (black line) recorded on the electrode from (a).

The potential window of this wave actually corresponds to
processes B, and B, described above for GDL/MWCNT
electrodes. The two processes are not resolved at the disk but
distinguishable at the ring. The corresponding ring current is of
the same magnitude than observed for the reoxidation of Coll,
pointing out limited (if any) H, evolution catalysis. Current
collection efficiency at the ring is similar for wave A and at the
beginning of wave B (potentials corresponding to process B;)
and the measured values (22%) indicate that all species reduced
at the disk are reoxidized at the ring. Therefore, the B, wave
yields a reduced soluble compound. However, the current
collection efficiency drops to 7% when measured at wave B,, in
line with formation of an insoluble species confined at the disk
and not diffusion to the ring. The half-wave potentials (+0.48 V
and —0.37 V vs RHE, respectively) and the relative magnitudes
(1:6) of waves A and B are in good adequacy with the RDE
electrochemistry of 1(H,0),*" reported by Peters and co-
workers in Figure 4 of ref 11. Scanning toward more negative
potentials, however, reveals a steep raise in current (wave C)
from —0.56 V vs RHE with synchronous increase in anodic
current at the ring (Figure Sb, magenta area), likely due to H,
evolution catalysis. Data gained from RRDE experiments
therefore parallel those measured on GDL/MWCNT electro-
des and reproduce previously reported results."'

Preparative Electrolysis Experiments. Using a non-
rotating glassy carbon plate (S = 1.1 cm®) as electrode, the
same features (waves A, B, and C, Figure 6d and Figure S4) can
be observed from the LSV curve recorded in phosphate buffer
(pH = 2.2) with dissolved 1Cl, (0.3 mM). Bulk electrolysis
experiments were performed on such fresh electrodes for 1 h at
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five distinct potentials (—0.14, —0.45, —0.52, —0.57, and —0.65
(£0.01) V vs RHE) corresponding to the top of wave A, the
course of wave B, the onset (two measures) and the course of
wave C, respectively. At the end of each electrolysis experiment,
the electrode was disconnected before the potential could
reequilibrate to the open-circuit value, taken out of the cell
under a stream of N,, dried under N, and transferred, with
limited exposure to air, to the FEG-SEM instrument where
their surface morphology was analyzed.

No hydrogen is evolved upon equilibration on wave A
(=0.14 V vs RHE) and limited current density values are
measured (Figure 6a), in agreement with a noncatalytic current.
The analysis at the surface of the electrode shows ~10 nm
range particulate singularities (Figure SS) that were attributed
to the roughness of the glassy carbon surface by comparison
with a pristine glassy carbon electrode (Figure S6).

The electrolysis experiment realized on wave B (at —0.45 V
vs RHE) evidences a very slow increase of the current during
the chronoamperometric measurement (Figure 6a). Hydrogen
is produced after the first 5 min but with a 27% faradaic yield
measured at the end of the 1 h run (Figure 6b,c). Importantly,
SEM images of the as-used electrode (Figure S7) do not show
noticeable nanoparticulate deposits.

These first two experiments contrast with those carried out at
the onset or in the course of wave C. The electrode then
undergoes an induction period of ~5 min at ca. —0.4 mA-cm ™
during which no hydrogen is produced (Figure 6ab). The
current then increases and reaches a plateau of —1.0, — 1.8, and
—2.8 mA-em™? at —0.52, —0.57, and —0.65 V vs RHE,
respectively. Hydrogen is evolved with faradaic yields of 40, 70,

DOI: 10.1021/acscatal.6b00378
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and 80%, respectively. SEM images reveal the presence of
deposits with various shapes at the surface of the electrode
equilibrated at —0.57 V vs RHE (Figure 7a). EDX analysis
allows discriminating the nature of these deposits. Large units
of several tens of microns were found to consist of supporting
electrolyte ions and do not contain cobalt species. Smaller
round-shaped particles (500 nm to 1 ym) are also observed, the
elemental mapping of which reveals the incorporation of
significant amounts of cobalt (Figure 7b), as well as oxygen,
phosphorus, and sodium (Figure S9). The EDX spectrum of
such an entity is shown on Figure 7d (spectrum shown in red)
and displays characteristic signatures of the Co K and L lines
respectively at 6.9 and 0.8 keV. Electrodes equilibrated at —0.65
V vs RHE (Figure 6a—d) show larger areas with similar
composition likely arising from the coalescence of such round-
shaped area (Figure S10). For comparison, EDX analysis of the
background glassy carbon surface does not show significant
peaks in these regions (Figure 7d, spectrum shown in black).

As a control experiment, we examined the surface of
electrodes dipped for 1 h in aqueous phosphate buffer (0.1
M, pH = 2.2) with 1Cl, 0.3 mM and further dried without any
rinsing step. Figures S11 and S12 clearly show that the surface
is not affected by such a process and that the cobalt particles
observed above do not simply result from drops of the 1Cl,
solution after drying. No cobalt can be evidenced using EDX
and XPS analysis.

Rinse-Test Experiments. A glassy carbon electrode was
equilibrated at —0.57 vs RHE in 0.3 mM 1Cl, phosphate buffer
(pH = 2.2) and similarly disconnected at the end of 1 h
experiment before reequilibration of the potential to the open-
circuit value. The electrode was then rinsed by dipping for 10 s
in distilled water and analyzed by SEM and EDX. A SEM image
representative of the global surface morphology is shown in
Figure 7c¢ and S8, which is similar to that of a pristine glassy
carbon electrode (Figure S6). EDX analysis on this surface
(Figure 7d, purple line) does not reveal the presence of
significant amounts of cobalt at the surface of the electrode, nor
K, P, Cl, or Na from the electrolyte. These data directly show
that such cobalt-based nanoparticles are readily eliminated
during the quick rinsing of the electrode.

Accordingly, the rinsed electrode shows quite low activity
when it is further subjected to electrolysis at —0.57 V vs RHE in
a cobalt-free phosphate buffer electrolyte (pH = 2.2) (Figure
S13). Figure S14 even shows that without rinsing, the activity of
the deposit in a pristine electrolyte is extremely reduced,
indicating that such Co-based nanoparticles are not stable
(and/or not firmly adsorbed at the surface of the electrode) in
the absence of applied cathodic potential.

We finally performed the same rinse-test experiment on the
GDL/MWCNT electrode coated with cobalt nanoparticles.
After rinsing for a few seconds in water, the SEM image (Figure
S15) of the electrode still shows some Co-based nanoparticles,
but their size is significantly reduced and their shape is also
modified with only the core of the particles remaining. This
confirms that these nanoparticles rapidly corrode in neutral
water at open circuit.

B DISCUSSION

Cobaloximes™ and cobalt diimine—dioxime complexes™ have
been highlighted among the most efficient molecular cobalt
catalysts for H, evolution in terms of turnover frequency/
overpotential relationship based on data gained in nonaqueous
and aqueous media, respectively.”'"'” Such compounds also
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proved valuable for the construction of molecular-engineered
electrode'*** and photoelectrode®®™** materials for H,
evolution. In particular, our group reported on the covalent
immobilization of the 1Cl, diimine—dioxime cobalt complex at
the surface of multiwalled carbon nanotubes (MWCNTs). The
obtained material, GDL/MWCNT-[Co], steadily evolves
hydrogen in fully aqueous media (pH 4.5) and with
overpotential values as low as 350 mV. In that context, a study
by Peters and co-workers'"'* drew our attention because it
showed that a similar diimine—dioxime complex 1(H,0),*
displays record efficiencies among other cobalt tetraazamacro-
cyclic complexes in aqueous phosphate buffer (pH = 2.2).
Indeed, the RDE voltammogram recorded for 1(H,0),*" under
such conditions displays an irreversible reduction wave with an
onset of —0.63 V vs SCE (—0.26 V vs RHE; half-wave at —0.38
V vs RHE) and plateauing at a current value 7-fold that of the
monoelectronic Co™/Co" wave. This wave was assigned to
catalytic H, evolution mediated by the molecular complex. The
authors supported this assignment with a 2 h electrolysis carried
out at —0.56 V vs RHE, corresponding to H, evolution with
80% faradaic efficiency.

We have therefore been quite disappointed not to observe
the same behavior for GDL/MWCNT-[Co] when we assessed
this material under similar conditions. LSV curve (Figure 2a
and S1) indeed displays higher current density values associated
with H, evolution in more acidic conditions (pH = 2.2), but the
onset potential for catalysis, as determined by the GC-coupled
electrochemical setup, is similar to that at pH = 4.5. This
translates to 140 mV higher onset overpotential in the more
acidic media, as a consequence of the dependence of the H*/H,
equilibrium potential with pH. Such a behavior is at contrast
with previous observations made in acetonitrile, where the
potential of the electrochemical wave was shown to adapt to
the acid—base conditions, indicating that the rate of catalysis
was determined by a proton-coupled electron transfer step. Yet,
a 60 mV per pH unit shift of the catalytic wave was actually
reported b?f Peters and co-workers for the complex in aqueous
solutions.'" This point led us to clarify the solution electro-
assisted catalytic behavior of 1Cl, at a pristine GDL/MWCNT
electrode (Figure 2a,b). Of note, X-ray absorption studies
previously demonstrated that chloride ligands in 1CI, are
displaced from the cobalt center in redox states below Co'™.'®

Data collected during the LSV measurement at a static GDL/
MWCNT electrode compare well with those measured with
rotating glassy carbon disk electrodes. They are also in quite
good agreement with the report from Peters and co-workers.""
We complement such studies with bulk electrolysis experiments
coupled with in-line quantification of H, evolution through gas
chromatography. A first reductive plateau (process A in Figures
2 and §) is observed from +0.49 V vs RHE downward. It is
accompanied by an orange coloration of the solution and
attributed to the reduction of Co™ to Co™ in 1Cl, as previously
reported.'’ At ca. —0.20 V vs RHE, a second reductive event B
takes place, which can be resolved in two distinct processes B,
and B, when scanning the potential at a very low rate on static
electrodes. No H, could be detected for the B, process through
the GC-coupled electrochemical setup (Figure 2b). H,
evolution actually onsets at a potential corresponding to the
B, process (Figure 2b) but occurs with limited efficiency
(Figure 5). A steady-state measurement on this event (Figure 6,
cyan lines) gives a poor faradaic efficiency (27%), which further
evidences that this event is not mainly ruled by proton
reduction catalysis. When potentials are scanned more negative,

DOI: 10.1021/acscatal.6b00378
ACS Catal. 2016, 6, 3727—-3737

107



Chapter I1

ACS Catalysis

Research Article

a last electrochemical wave C is evidenced, corresponding to
the effective and catalytic production of hydrogen.

These novel results raise two main issues. First, event B,
(onset at —0.26 V vs RHE; half-wave at —0.38 V vs RHE)
assigned to catalytic H, evolution in ref 11 should be reassigned
because it is obviously not the dominating process. Second, the
nature of the active species responsible for H, evolution in
processes B, and C should be clarified.

The potential at which wave B develops might correspond to
the formation of a Co' form of 1Cl,. However, the current at
the top of wave B is found between 6 (Figure S and S16) and 7
times that of a monoelectronic wave.'' This value is close to the
8 e stoichiometry required for the hydrogenation of the 4 C=
N bonds (1 e” and 1 H" each) and the hydrogenolysis of the 2
N—O bonds (2 e” and 2 H* each). Therefore, multielectronic
reduction of the diimine—dioxime ligand in 1Cl, likely occurs,
as previously established by Anxolabéhere-Mallart and co-
workers'#*>7° for similar glyoximato cobalt complexes in acidic
nonaqueous media. As this process couples electron transfer(s)
to proton transfer(s),”>*” such an assignment also rationalizes
the pH dependence of the wave, observed by Peters and co-
workers."! Nevertheless, we cannot completely rule out the
activity of the molecular catalyst for proton reduction on wave
B. But the modest current densities, the low faradaic efficiencies
and the limited electron-delivery rates strongly support that this
wave is mainly dominated by degradation of the complex.
Current collection efficiencies measured during RRDE experi-
ments show that soluble reduced species (Co' complex and
cobalt complexes with diimine—dioxime ligand at various
reduction stages) are formed at the beginning of wave B
(process B;). These molecular species with degraded ligands
are then further transformed into nanoparticulate systems
active for hydrogen evolution. We note that the above
conclusions likely apply for all the macrocyclic cobalt
complexes investigated in ref 11.

Hydrogen is in fact produced, but at more cathodic
potentials (process C with an onset of —0.57 V vs RHE or
—0.93 V vs SCE, Figure S). We remark that this potential
corresponds to the one used in ref 11 to carry out bulk
electrolysis experiments and evidence catalytic H, evolution. To
interrogate the nature of the catalytic species, we recorded the
time course of such electrolysis experiments on stationary
electrodes (Figure 6, purple and red lines). An induction period
is clearly observed with low initial current (—0.5 mA-cm™)
followed by a 6-fold increase to reach a steady state at —2.0 to
—3.0 mA-cm™>. A parallel monitoring of the hydrogen
produced shows that proton reduction does not quantitatively
occur during the induction period, but only once the current is
established at higher values. Such an induction phase confirms
that 1Cl, is not the true catalytic species but actually a
precatalyst, which is activated under these reductive con-
ditions.'” It is actually well-known that Co and Ni-based
nanoparticles can be reductively formed from molecular
complexes under organic]4’35_41 or aqueous]5’4] HER con-
ditions. To investigate this hypothesis, we intentionally scanned
our high surface area GDL/MWCNT electrode with 1Cl, in
phosphate buffer (pH = 2.2) to more negative potentials, from
wave B to wave C. A complete loss of the color in solution, as
also reported by Peters and co-workers,"" tends to indicate that
all 1Cl, initially in solution is decomposed. At the end of the
LSV measurement, the electrode was rapidly disconnected and
dried under nitrogen. SEM images revealed nanoparticles (ca.
50 nm in diameter) homogeneously dispersed at the surface of
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MWCNTs (Figure 3a). Similar cobalt-based deposits are also
observed at the surface of flat glassy carbon electrodes treated
under similar conditions (Figure 7a,b,d). XPS and EDX analysis
of the material further confirms the presence of cobalt in these
particles along with phosphorus and oxygen (Figure 3¢, 7b,d).
The composition of these Co-based particles is similar to the
HER catalytic H,—CoCat metastable material, which is
deposited at cathodic potentials from 1Cl, or Co" aqueous
salts in phosphate buffer (pH = 7"° or 1.6"). When such
activated electrodes are measured in 1Cl,-free solutions starting
from relatively cathodic potentials, hydrogen is evolved with
quantitative faradaic yield (Figure 4). After such a measure-
ment, XPS analysis of the GDL/MWCNT electrode coated
with Co-based particles confirmed that the nature of the
particles is not significantly altered during electrocatalytic assay
(Figure S3), yet with the appearance of a small metallic cobalt
contribution. Collectively, these data evidence that 1Cl, yields
Co-based particles at the surface of the electrode when
potentials are set more negative than wave B and that such
deposits are the catalytic species responsible for hydrogen
evolution. We assign both the induction phase observed during
bulk electrolysis experiments and the process B, observed
during LSV experiments to the formation of the Co-based
particles from 1Cl,. The latter conclusion is supported by the
low value of the current collection efficiency measured during
RRDE experiments at the potential of this process.

We however note that the formation of such catalytically
active solid-state materials at the surface of the electrode was
ruled out in the initial study by Peters and co-workers on the
basis of rinse tests carefully carried out.'' In that study, a 64
cm? plate was first poised for 2 h at —0.93 V vs SCE (—0.56 V
vs RHE) in a 1(H,0), loaded electrolyte at pH = 2.2. The
electrolysis delivered about 50.3 C of charge with H, evolution
occurring at 80% faradaic efficiency. The electrode was then
rinsed with water and submitted to a second electrolysis
experiment under identical but 1(H,0),*"-free conditions. The
rinsed electrode passed only 3.4 C of charges, a value similar to
a freshly polished control electrode (4.2 C). The authors
therefore concluded that no deposited material was responsible
for hydrogen evolution catalysis. Reproducing that protocol, we
subjected a glassy carbon electrode with freshly deposited Co-
based nanoparticles to a rinse test with water. SEM and EDX
analysis revealed that, if the electrode is rinsed (even quickly) in
distilled water, the film readily dissolves or deadsorbs and yields
a pristine electrode surface (Figure 7c,d). The electrode
consequently loses almost all its HER activity (Figure S10).
The same happens if the electrode is not rinsed but let to
equilibrate in electrolyte (Figure S11). These behaviors can be
related to the metastability of the film depicted under similar
conditions in the study by Symes and co-workers.* Such a
metastability corresponds to the dissolution and formation of
soluble Co" ions as seen on MWCNT electrodes, although we
cannot exclude that desorption of some particles and formation
of a “homogenous” nanoparticle solution occur.” As a
consequence, we show that the rinse-test performed by Peters
and co-workers in their study is a false-positive for what
concerns the deposition and the activity of cobalt-containing
nanoparticles.'' Our finding further clarifies this point and
demonstrates that the catalytic activity in aqueous media is not
due to a molecular cobalt complex but to metastable Co-based
nanoparticles formed via the reductive degradation of the
diimine—dioxime ligand.

DOI: 10.1021/acscatal.6b00378
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B CONCLUSION

Molecular approaches allow for a fine-tuning of the catalytic
properties through ligand design. However, it is important to
verify that the active species retains its molecular structure upon
turnover. This is even more important for benchmarking
studies that aim at selecting the best molecular platforms for
further technological implementation. We revisit here a
previous study dealing with H, evolution catalysis mediated
by diimine—dioxime cobalt complexes in acidic aqueous
solution. Combining a series of analytical techniques, we were
able to consistently reinterpret electrochemical data. We
conclude that the multielectron wave initially assigned to
catalytic H, evolution is in fact associated with ligand
degradation while the active species for H, evolution consists
of Co-based nanoparticles formed on the electrode surface.
Beyond this specific conclusion, this study is informative at four
more general levels regarding stability of molecular catalysts,
benchmarking approaches and methodologies to distinguish
homogeneous from heterogeneous catalysis as detailed below:

1. It appears quite clear that molecular complexes in
general, and cobalt diimine—dioxime complexes in
particular, act as molecular catalysts when assessed for
catalytic H, evolution in nonaqueous conditions in the
presence of mild acids as proton sources.”” However, the
use of harsher hydrolytic conditions, either as strong and
concentrated acids'***™*"* or as aqueous'>*' electro-
Iyte, very often results in the deposition of a metal-based
nanoparticulate film at the surface of the electrodes. In
some cases, and especially in the case of Ni and Co
complexes, this films displays catalytic activity for H,
evolution. It stays, however, true that both homogeneous
and heterogeneous catalytic processes may run in parallel
under certain conditions and that the electrode itself
introduces nucleation sites which are, for example, absent
under pure photochemical conditions.*****> In partic-
ular, coating of the electrode surface is not favored under
dynamic conditions associated with fast scan rate of the
potential scale. On the other hand, we should also
consider that such deposits might be appealing, especially
if the nanostructuration or the nature of the materials can
be controlled by the initial ligand.46_49

2. According to the first point, the community should resist
to the temptation to only or systematically perform
benchmarking studies under technologically relevant,
that is, strongly acidic or alkaline aqueous conditions,
typically used for solid-state inorganic materials.’’
Instead, comparison based on electrochemical measure-
ments performed under conditions where the catalysts
has been shown to be stable should be preferred, as for
example the “catalytic Tafel plot” methodology devel-
oped by Savéant and co-workers.”*'™>* Of course,
extreme conditions are likely to boost the performances
of the catalyst, and they should be tested if it can be
demonstrated in parallel that the molecular nature of the
catalyst is preserved. We point that previous studies and
this work have demonstrated that molecular catalysts,
including cobalt diimine—dioxime complexes, can sustain
H, evolution catalysis under acidic aqueous conditions
when they are immobilized onto electrode surfaces. In
such a configuration, the catalysts retain their molecular
nature even after extensive cycling.”"“‘55
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3. In the initial study,11 bulk electrolysis experiments and
H, quantification have been carried out at a potential
significantly more negative than the one of the wave
under consideration. This led to the misidentification of
the catalytic species. It is therefore highly recommended
to perform the bulk electrolysis experiments at more
representative potentials, even if this will be at the
expense of the catalytic current.

Rinse tests are usually used in electro-assisted catalysis to
rule out that an insoluble, strongly attached species
formed through decomposition of the molecular species
mediates the catalytic reaction. Indeed, weakly phys-
isorbed molecular species are eliminated during rinsing
while solid state coatings will not. From the study at
hand, it seems clear that a single basic measurement, such
as the rinse test experiment described here, is not
sufficient to rule out the formation of deposits at the
surface of the electrode. Such rinse test experiments is in
that way comparable to the mercury test often used to
exclude the formation of metallic nanoparticles during
photocatalytic experiments.'” These two protocols prove
very efficient and are conclusive when noble metal
compounds are concerned because both their related
elemental nanoparticles and metal oxides are very stable.
This is obviously not always the case with earth-abundant
metals. We disclose here a clear example where the
deposit is metastable and readily desorbs or redissolves if
not maintained in its potential-pH stability domain.'**®
We finally note that rinse-tests can also be inefficient to
identify cases where nanoparticles simply deadsorb to
form a “homogenous” nanoparticle solution that is then
responsible for the catalysis.””*® In that case, analysis of
the surface of the electrode should be paralleled with
analysis of the electrolyte, for example using dynamic
light scattering techniques."’

We hope that identifying the Achille’s heel of HER catalysts
operated in aqueous solutions will help to develop more
resilient ligand backbones, for instance, integrating pyridinic
rather than iminic moieties.”” This statement and above
recommendations find equivalents in water oxidation catalysis,
the other side of water splitting."”~'*** Coupled to systematic
studies to decipher the true origin of catalysis, as the one
developed here, we believe that this approach will provide the
field with smart design as well as correct assessment of the
performances of molecular catalysts for water-splitting in
aqueous media.
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Figure S1. Current densities (plain lines) and hydrogen evolution rates (compensated for different
scan rates, see the experimental section) as measured by the in-line GC setup (dots) during LSVs at
GDL/MWCNT-[Co] electrodes recorded in aqueous phosphate buffer (0.1 M, pH = 2.2) at a scan
rate of 0.1 mV-s™' (red) and in aqueous acetate buffer (0.1 M, pH = 4.5) at a scan rate of 0.05 mV-s '

(blue).
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Figure S2. Magnification of the H, evolution rates as measured by the in-line GC setup for:
GDL/MWCNT (black line), GDL/MWCNT-[Co] (red line) and GDL/MWCNT with 1Cl; 0.3 mM in

solution (blue line). Electrolyte: aqueous phosphate buffer (pH = 2.2); scan rate: 0.1 mV-s .
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Figure S3. XPS Co 2p;., P 2p decomposed core regions and O Is core region of a GDL/MWCNT

electrode decorated with the cobalt-based deposit after LSV in pristine aqueous phosphate buffer (0.1

M, pH =2.2) (see Figure 4, purple lines).
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Figure S4. LSV at a static glassy carbon electrode in aqueous phosphate buffer (0.1 M, pH 2.2) with
1Cl, 0.3 mM. Scan rate: 10 mV-s .
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Figure S5. SEM image of glassy carbon electrode equilibrated at — 0.14 V vs RHE for one hour in
aqueous phosphate buffer (0.1 M, pH = 2.2) with 1Cl, 0.3 mM. The composition of the white

particles seen here is similar to the electrolyte and do not contain cobalt.

Figure S6. SEM image of a pristine glassy carbon electrode.

Figure S7. SEM image of glassy carbon electrode equilibrated at —0.45 V vs RHE for one hour in
aqueous phosphate buffer (0.1 M, pH = 2.2) with 1Cl, 0.3 mM. The composition of the white

particles seen here is similar to the electrolyte and do not contain cobalt.
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kev

Figure S8. SEM image: amplification of Fig. 7¢ (glassy carbon electrode equilibrated at —0.57 V vs
RHE for 1 hour in aqueous phosphate buffer (0.1 M, pH = 2.2) with 1Cl, 0.3 mM after rinsing with

distilled water); EDX spectra of the same electrode
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Figure S9. SEM image and EDX elemental mapping at a glassy carbon electrode equilibrated at —
0.57 V vs RHE for one hour in aqueous phosphate buffer (0.1 M, pH = 2.2) with 1Cl, 0.3 mM

Figure $10. (a) SEM image and (b) EDX elemental mapping for Co (Ka, line) of a glassy carbon
electrode equilibrated at —0.65 V vs RHE for one hour in aqueous phosphate buffer (0.1 M, pH =
2.2) with 1Cl, 0.3 mM.

116



Chapter I1

= 0,001 coafev

Echd-C-pok-trempe.spx

(b)

350
3004
aso

200

100

{

1 e

800

Co2
750 e ©

700 +

650-
600 WWMWW

550

Intensity (counts-s™)

500 T T T T v T T T T
820 810 800 790 780 770 760
Binding energy (eV)

Figure S11. SEM image (a), EDX (b) and XPS spectra (c) of glassy carbon electrode dipped for 1 h
in a solution of 1Cl, (0.3 mM) in aqueous phosphate buffer (0.1 M, pH = 2.2) and dried in the air

without prior rinsing.
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Figure S12. SEM image (a), EDX (b) and XPS spectra (¢) of glassy carbon/MWCNT electrode
dipped for 1 h in a solution of 1Cl, (0.3 mM) in aqueous phosphate buffer (0.1 M, pH = 2.2) and

dried in the air without prior rinsing.
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Figure S13. Chronoamperometric measurements at —0.57 V vs RHE at a glassy carbon electrode in

aqueous phosphate buffer (0.1 M, pH = 2.2) with 1Cl, 0.3 mM (blue lines), at the same electrode

after rinsing with distilled water (red lines) and at a blank glassy carbon electrode (black lines) in

pristine aqueous phosphate buffer (0.1 M, pH = 2.2): (@) current density versus time; (b) amount of

hydrogen produced assuming an unity faradaic efficiency (plain lines) and as observed by the in-line

GC setup (dashed lines).
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Figure S14. Chronoamperometric measurements at —0.52 V vs RHE at a glassy carbon electrode in

aqueous phosphate buffer (0.1 M, pH = 2.2) with 1Cl; 0.3 mM (blue lines), at the same electrode after

rinsing with distilled water (red lines), at an identically prepared electrode but without rinsing (green lines)

and at a blank glassy carbon electrode (black lines) in pristine aqueous phosphate buffer (0.1 M, pH =

2.2): (a) current density versus time; (b) amount of hydrogen produced assuming an unity faradaic
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efficiency (plain lines) and as observed by the in-line GC setup (dashed lines).

Figure S15. SEM images for: (a) GDL/MWCNT electrode with 1Cl, (0.3 mM) in aqueous phosphate
buffer (0.1 M, pH = 2.2) after electrolysis at —=1.20 V vs RHE for 1h and (b) the same electrode washed for

10 s in water at open circuit potential.
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Figure S16. RRDE CV measurements in aqueous phosphate buffer (0.1 M, pH = 2.2) with 1Cl; 0.3 mM.

The Pt ring electrode was polarized at 0.60 V vs RHE; rotation speed: 1000 rpm; scan rate: 10 mV-s .
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2. Oxygen-tolerance at the immobilized cobalt
diimine-dioxime catalyst

To achieve the reductive side of water splitting, hydrogen evolution catalysts are in fine to be
used in combination with oxygen evolution catalysis. As such, any proton reduction catalyst
operating in a device might come in contact with oxygen. The question that follows is whether the
catalyst retains its structure and related activity for HER in the presence of O, or not. Tolerance to
oxygen has hence been identified as another figure of merits for a catalyst.” This issue has been
tackled in several reports for bulk homogeneous conditions,” ¢ but never for molecular HECs
attached onto an electrode substrate. And catalyst-immobilized electrodes for hydrogen evolution
are especially relevant for the implementation in an overall WS device. We therefore decided to
address the issue of oxygen tolerance of the grafted cobalt diimine-dioxime complex and
conducted this study on a material similar to the GDL/MWCNT-Co one.

We found that the attached [Com(DO)(DOH)pnClz] complex catalyzes the reduction of O,
dissolved in aqueous media with an onset potential of 0.55 V vs RHE. The monitoring of the
reduced species via a rotating ring-disk electrode setup showed that 2- and 4-electron processes
are concomitantly occurring at the decorated electrode, yielding water and hydrogen peroxide in
3:1 proportions.

The material is also competent for hydrogen evolution, displaying an overpotential of ca 350
mV. Interestingly, the catalytic current attributed to proton reduction in potential sweep
experiments is not altered by the presence of oxygenic concentrations in the electrolyte. This

finding supports that the grafted [Co™

(DO)(DOH)pnCl,] is tolerant to oxygen for the catalysis of
hydrogen evolution under transient conditions, which mimics that at stake at early stages of
operation of a PEC device.

This work is fully developed below, under the form of an article published by our group in
2015, presenting our findings about O,-tolerance at the immobilized electrode.” Notations and

references are inserted in this article independently from the whole manuscript.
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ABSTRACT: We report here that a bioinspired cobalt diimine—dioxime molecular
catalyst for hydrogen evolution immobilized onto carbon nanotube electrodes
proves tolerant toward oxygen. The cobalt complex catalyzes O, reduction with an
onset potential of +0.55 V vs RHE. In this process, a mixture of water and hydrogen
peroxide is produced in a 3:1 ratio. Our study evidences that such side-reductions
have little impact on effectiveness of proton reduction by the grafted molecular
catalyst which still displays good activity for H, evolution in the presence of O,. The
presence of O, in the media is not detrimental toward H, evolution under the
conditions used, which simulate turn-on conditions of a water-splitting device.

B INTRODUCTION

Hydrogen is one of the cleanest and most efficient energy
carriers so far.' In addition, sustainable hydrogen production
through water splitting technologies appears as a promisin§
pathway for large-scale growth in carbon-free energy.”

However, such processes always require catalysts to increase
the reaction rate and lower the overpotential of the hydrogen
evolution reaction (HER). Platinum-group metals are the most
active electrocatalysts for HER, but their large scale utilization is
restricted by their limited supply and the cost issue.* The
development of nonprecious alternative catalysts is thus a key
scientific challenge. Nature provides examples of such catalysts
in the form of hydrogenases having iron- and nickel-based
active sites for fast and reversible interconversion of protons
into hydrogen.® The resolution of the tridimensional structure
of their active site and further insights into their catalytic
mechanism allowed synthetic chemists to develop a series of
molecular bioinspired HER electrocatalysts composed of
inexpensive, earth-abundant elements.®”® These compounds
have recently been subjected to the benchmarking of their
catalytic performances.” However, while good activity and
robustness are the primary figures of merit for assessing their
possible implementation in technological devices, HER catalytic
materials should also exhibit a certain tolerance to oxidative
conditions. Specifically, these catalysts have to prove resistant
to degradation by molecular oxygen either penetrating into the
device during turn-off phases or produced in situ as a result of
water splitting. This concern is reminiscent from hydrogenases,
the most active of which are extremely oxygen sensitive and
susceptible to inactivation by even traces of oxygen,5 even if
some of them exhibit good tolerance to atmospheric oxygen
thanks to a specific iron—sulfur cluster.'”"* Similarly, O,
inhibition has been identified as a main barrier in producing
viable molecular proton reduction cata.lysts.14 However, there

i i © XXXX American Chemical Society
<7 ACS Publications
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has been very little progress in the development of transition-
metal-based H,-generating molecular catalysts that operate in
the presence of O,. To the best of our knowledge, all known
examples shown to be functional under air are based on cobalt,
including cobaloximes,>!® a cobalt—corrole catalyst,17 a
coba.lt—microperoxidase,18 and cobalt diimine—dioxime com-
plexes." Significant progress has been made in our laboratory
during the last 10 years regarding the development of highly
active molecular catalysts for HER***™** and their integration
within electrocatalytic nanomaterials®**"** based on carbon
nanotubes (CNTs)."**'> The morphology and electrical
conductivity of CNTs make them ideal supports to promote
the electrocatalytic activity of the molecular complexes.** In
particular, we recently reported on an efficient cathode active
for HER from aqueous solution and based on a cobalt diimine—
dioxime complex®* immobilized on amino-functionalized
multiwall carbon nanotubes (MWCNTs).>* Here we report
on the behavior of this H,-evolving cathode material in the
presence of oxygen.

B EXPERIMENTAL SECTION

Materials. Solvents, starting materials, and supporting
electrolyte salt (tetrabutylammonium tetrafluoroborate,
"Bu,NBF,) were purchased in the highest purity from Sigma-
Aldrich and used as received, unless otherwise stated. 2,6-
Lutidine was purchased from Lancaster. Acetonitrile and
dichloromethane were distilled on CaH,. Nafion 117 solution
(S wt % in a mixture of lower aliphatic alcohols and water,
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Figure 1. Synthetic approach used to construct the GC/MWCNT-amino-[Co] electrode.

Sigma-Aldrich) was used. Oxygen gas (Air Products ultrapur
quality) was of 99.995% purity. UP-NC7000WT (purity >90%)
multiwall carbon nanotubes (MWCNTSs) were obtained from
Nanocyl (Belgium). The dichloro cobalt complex of a diimine—
dioxime ligand bearing an activated ester group, [Co(DO)-
(DOH)C4-pnCl,] (labeled [Co]) was prepared as previously
described.** (4-Aminoethyl)benzene diazonium tetrafluorobo-
rate was prepared according to literature procedures.*®

Preparation of the GC/MWCNT Electrode. The glassy
carbon (GC) disk (0.196 cm?) of the rotating ring-disk
electrode (RRDE, Pt ring, Pine Instruments) was polished on
an MD-Nap polishing pad (Struers) with 1 pm synthetic
diamond suspension (Struers, DP-Suspension M) and lubricant
(Struers, DP-Lubricant Blue) and then was rinsed with ethanol
and dried in the air. The MWCNTSs (2 mg) were dispersed in a
mixture of ethanol (200 yL) and 5 wt % Nafion solution (20
uL) under sonication (30 min). A GC/MWCNT electrode was
obtained by dropping 100 #L of the MWCNT suspension onto
the GC disk and drying in the air.

Functionalization of the GC/MWCNT Electrode with
[Co]. The method is adapted from the procedure described in
the literature.** The GC/MWCNT working electrode was used
in a three-electrode electrochemical cell setup connected to a
potensiostat (SP-300 Bio-Logic) and a MSR rotator (Pine
Instruments). The counter electrode and reference electrode
were a Ti wire and a Ag/AgCl/3 M KCl electrode (abbreviated
as Ag/AgCl), respectively.

(4-Aminoethyl)benzene diazonium tetrafluoroborate (10 mg,
31 umol) was dissolved in acetonitrile (25 mL) together with
"Bu,NBF, (0.1 M). The solution was degassed with argon prior
to use. The functionalization of the GC/MWCNT electrode
was performed using cyclic voltammetry through the recording
of three scans between —1.0 and +0.5 V vs Ag/AgCl. The
amino-functionalized GC/MWCNT electrode (GC/MWCNT-
amino) was then rinsed by rotation of the electrode dipped in a
pristine MeCN solution at 200 rpm for a few minutes and
subsequently dried under a flow of argon. The GC/MWCNT-
amino electrode was dipped into a solution of [Co] (3.7 mg, §
umol) in distilled dichloromethane (5 mL) added with 2,6-
lutidine (S pL). The reaction was held overnight under an
argon atmosphere with continuous rotation of the electrode at
200 rpm. The resulting GC/MWCNT-amino-[Co] electrode
was then rinsed with dichloromethane and dried under a flow
of argon.

Electrochemical Measurements. Electrochemical analysis
was performed using a BioLogic SP300 bipotentiostat. The
electrochemical experiments were carried out in three-electrode
electrochemical cells under a nitrogen atmosphere using the
modified GC/Pt RRDE described above as the working
electrode. A titanium wire was used as the auxiliary electrode.
The Ag/AgCl reference electrodes were independently
calibrated with 5 mM [Fe(CN)s]*". The [Fe(CN)¢]*~/
[Fe(CN)g]* couple (E® = 0.20 V vs Ag/AgCl in phosphate

DOI: 10.1021/acs.jpcb.5b03136
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buffer at pH 7) has then been used for the standardization of
the measurements.>®

The electrolyte used was either an aqueous acetate buffer
(0.1 M, pH 4.5) or acetonitrile with "Bu,NBF, (0.1 M) as
supporting electrolyte. Voltammograms were recorded by
scanning the disk potential between —0.6 and +0.7 V vs Ag/
AgCl at 10 mV-s™" in N,- and O,-saturared electrolytes. RRDE
measurements were conducted at 10 mV-s™!, with a rotation
speed of 1500 rpm in an O,-saturared electrolyte; the potential
of the Pt ring was set at +1.1 V vs Ag/AgCl. The HER
polarization curves were measured at a scan rate of 10 mV-s™'
in both N,- and O,-saturated electrolytes.

B RESULTS

In order to have a better control on oxygen amounts, the
molecular engineered cathode for hydrogen evolution based on
a cobalt diimine—dioxime catalyst was constructed onto a glassy
carbon (GC) electrode instead of the previously used porous
gas diffusion layer (GDL). This design indeed allows a
straightforward degassing of the electrolyte solution and avoids
entrapment of O, in the porous electrode substrate. The
cathode was prepared according to Figure 1, following the
method previously described.** MWCNTSs were suspended in
an ethanol/Nafion mixture and drop casted onto the GC
electrode. Subsequent surface functionalization by amino
groups was performed through the electroreduction of (4-
aminoethyl)benzene diazonium tetrafluoroborate using cyclic
voltammetry.**?” The dichloro cobalt complex of a diimine—
dioxime ligand bearing an activated ester group, [Co(DO)-
(DOH)Cy-pnClLy] (hereafter labeled [Co]), was covalently
grafted at the surface of MWCNTSs through amide coupling
between the activated ester moiety in [Co] and an amine
function at the surface of MWCNTs.

The resulting GC/MWCNT-amino-[Co] electrode was
characterized by cyclic voltammetry in acetonitrile. The grafting
of [Co] is evidenced by the observation of two quasi-reversible
systems at —0.11 and —0.67 V vs Ag/AgCl (Figure 2),
respectively, assigned to the Co(III)/Co(Il) and the Co(II)/
Co(I) couples of [Co] by analogy with previous studies.”* The
integration of the wave assigned to the Co(II)/Co(I) couple
allows a catalyst loading of ca. 1.1 X 10™® mol-cm™ to be
determined.

0.5+

400 075 050 025 000 025
E (V) vs. Ag/AgCI

Figure 2. Cyclic voltammogram of a GC/MWCNT-amino-[Co]
cathode recorded in acetonitrile solution of "Bu,NBF, (0.1 M) at 20
mV-s~.
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We then investigated the behavior of the GC/MWCNT-
amino-[Co] cathode in the presence of oxygen. All following
electrochemical studies were performed in a 0.1 M aqueous
acetate buffer (pH 4.5) electrolyte which was shown to provide
optimal conditions for proton reduction.** Cyclic voltammo-
grams recorded at the GC/MWCNT-amino-[Co] cathode or
GC/MWCNT-amino electrodes in N,-saturated media do not
display any noticeable electrochemical features (Figure 3).

0.2 4

0.0 4

-0.2 4

j (mA-cm’?)

044

-0.6 T T T T T
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Figure 3. Cyclic voltammograms recorded at GC/MWCNT-amino
(green lines) and GC/MWCNT-amino-[Co] (blue lines) electrodes
in O,-saturated (plain lines) or N,-saturated (dashed lines) aqueous
acetate buffer electrolytes (0.1 M, pH 4.5) at a scan rate of 10 mV-s™".

However, when the solution is saturated with oxygen, a
reduction wave appears for both electrodes and is assigned to a
catalytic oxygen reduction reaction (ORR). This wave shifts by
170 mV to more positive potentials for the GC/MWCNT-
amino-[Co] cathode compared to the GC/MWCNT-amino
electrode used as a control (Figure 3). This observation
suggests that the grafted cobalt complex plays an active role in
the ORR process.

To gain more insights into the ORR process, we then used
the rotating ring-disk electrode (RRDE) technique which
allows quantification of the relative amounts of H,0, and H,0
resulting from the two-electron (eq 1) and four-electron (eq 3)
reductions of O,, respectively.

0, + 2H" + 2¢” - H,0, (1)
H,0, + 2¢” + 2H" - H,0 )
0, + 4H" + 4¢” — 2H,0 (3)

Indeed, in such an experiment, H,O, produced at the
rotating disk electrode is ejected radially and oxidatively
detected at the Pt ring maintained at a potential of 1.1 V vs
Ag/AgCl (1.55 V vs RHE). The current measured at the ring
thus directly relates to the amount of H,0, produced at the
disk during ORR. The number of electrons (n) transferred to
O, during ORR and the relative amount of hydrogen peroxide
(% H,0,) produced can be determined using the following
equations

n = (4)/[ + (I/N)] 4)
% H,0, = [(4 — n)/2] X 100 (s)
where I is the faradic current at the disk and I, the faradic
current at the ring (S, = 0.110 cm®). The value of the
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Figure 4. (a) RRDE measurements at GC/MWCNT-amino (green lines) and GC/MWCNT-amino-[Co] (blue lines) electrodes with disk and ring
currents shown as plain lines and dashed lines, respectively (Eri“g = 1.55 V vs RHE, 1500 rpm, scan rate: 10 mV-s™*). (b) The potential dependence
of n (black dots, left scale) and of the ratio of H,O, produced (red dots, right scale).

collection efficiency of the rotating ring disk electrode was
measured as N = 0.27 using the one-electron [Fe(CN)]>~/4~
redox couple, according to the manufacturer’s instructions.

The RRDE curves for GC/MWCNT-amino and GC/
MWCNT-amino-[Co] electrodes are shown in Figure 4a, and
the potential dependence of n is shown in Figure 4b. The
reduction of O, on the GC/MWCNT-amino-[Co] electrode
commences at +0.55 V vs RHE, while the reduction wave on
the GC/MWCNT-amino electrode starts at +0.40 V vs RHE,
reproducing the behavior observed on CVs (Figure 3). The
reduction current continuously increases with increasing
cathodic potential. No current plateau is observed, as expected
for ORR reaction only controlled by O, diffusion. The
observation of positive ring currents indicates production of
hydrogen peroxide at the disk. The calculated number of
electrons involved in ORR on the GC/MWCNT-amino-[Co]
electrode was found at ca. 3.5 (Figure 4b), and the ORR is
essentially assigned to a combined O, reduction via 2e” and
4e” reduction pathways with ca. 25% H,0O, production.

The GC/MWCNT-amino-[Co] cathode catalyzes HER at
more negative potentials than ORR. Figure S shows the
corresponding polarization curve measured in acetate buffer in

0.0
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T
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Figure S. Linear sweep voltammograms for GC/MWCNT-amino
(green line) and GC/MWCNT-amino-[Co] (blue line) electrodes
recorded in N,-saturated aqueous acetate buffer electrolyte (0.1 M, pH
4.5) at 10 mV-s™" scan rate.

the absence of dissolved oxygen and provides a comparison
with the GC/MWCNT-amino material.*® A 150 mV positive
shift of the polarization curve is observed upon covalent
grafting of the [Co] complex, as previously reported.** The
GC/MWCNT-amino-[Co] cathode produces H, from an
onset potential of —0.35 V vs RHE and reaches a current
density of 1 mA-cm™ at ca. —0.55 V vs RHE.

To further determine if the presence of dissolved oxygen
impacts the HER activity of the GC/MWCNT-amino-[Co]
cathode, we studied its behavior toward proton reduction in an
O,-saturated electrolyte. As shown in Figure 6, a first reductive

0.0
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Figure 6. Linear sweep voltammograms of GC/MWCNT-amino
(green lines) and GC/MWCNT-amino-[Co] (blue lines) electrodes
in O,-saturated (plain line) or N,-saturated (dashed lines) aqueous
acetate buffer electrolytes (0.1 M, pH 4.5) at 10 mV-s™* scan rate.

event starting from +0.55 V vs RHE is observed, assigned to
ORR by comparison with RRDE experiments (Figure 4). While
shifting potential downward, a catalytic current raises from ~ —
0.35 V vs RHE. This current overlaps very well with the one
observed in the absence of oxygen (Figure S) and assigned to
H, evolution. The GC/MWCNT-amino electrode behaves
differently with ORR taking place at more negative potentials
and the catalytic proton reduction polarization curve shifted 80
mV more cathodic than for GC/MWCNT-amino-[Co].
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B DISCUSSION

Current efforts to integrate the MWCNT-amino-[Co] H,-
evolving cathode®* within a complete photoelectrochemical
(PEC) water-splitting cell lead us to investigate the impact of
residual O, on the HER. As we were manipulating our material
under atmospheric conditions before experiments, we noticed
that a reductive side-reaction occurred during cathodic
polarization. This event, found at more positive potentials
than proton reduction, was assigned to the reduction of residual
oxygen. Actually, oxygen can be present in the cathodic
compartment for, at least, two reasons. It can first be trapped
inside the porous gas diffusion layer (GDL) used as an
electrode support,®* as a consequence of atmospheric handling
of the cathode material. Alternatively, O, can diffuse from the
anodic part where it is produced as a result of water oxidation.
The impact of O, on catalytic proton reduction activity hence
appears as a general issue when dealing with integration of HER
cathodes within full PEC devices. In the present study, we
report on the impact of O, on the production of H, with a
MWCNT-amino-[Co] cathode deposited on a compact glassy
carbon (GC) electrode support, thus allowing for an easy and
complete purge of the cell when needed. The GC/MWCNT-
amino-[Co] architecture was successfully designed by the
covalent approach previously developed in our group (Figure
1).>* The catalyst loading, estimated around 1.1 X 107* mol-
cm™, is in good agreement with the one previously determined
for the GDL/MWCNT-amino-[Co] cathode (4.5 X 107 mol-
cm™?). 1t follows that changing the electrode substrate from
GDL to GC does not influence further surface functionalization
and grafting of the cobalt diimine—dioxime complex.

As shown in Figure 2, the presence of [Co] on the amino-
functionalized MWCNTSs has a direct impact onto the ORR,
with a 150 mV anodic shift of the reduction wave. This
observation supports an active role of the immobilized [Co]
complex for catalyzing O, reduction. Cobalt complexes are
known to be ORR catalysts and have been intensively studied
in that context.>*** In particular, Shamsipur et al. made similar
observations with a cobalt diimine—dioxime complex [Co-
(DO)(DOH)pnCl,], adsorbed onto the surface of a preano-
dized GC electrode and dipped into a 0.1 M aqueous acetate
buffer solution at pH 4." In line with this report, we also
observe that catalytic ORR reaction develops at a potential
corresponding to the Co(III)/Co(1I) couple of the immobi-
lized cobalt complex (Figure 2). Of note, [Co] sites are not
equally distributed within the bulk of the MWCNT film but
rather in a thin enveloping coating.*” This explains why we do
not see any effect of the nanostructure of the MWCNT film to
limit O, diffusion, as it has been found by Armstrong and co-
workers for a hydrogenase-based 3D electrode based on
compact porous carbon material.*!

ORR is a multielectronic process. Hence, its mechanism is
quite complicated and involves many intermediates, primarily
depending on the nature of the electrode material, catalyst,
and/or electrolyte. Two pathways are possible in acidic
media:** (i) one is a 2e” mechanism generating the
intermediate hydrogen peroxide, H,0, (eq 1), with further
reduction (eq 2) or its dismutation; (ii) the other is a 4e”
mechanism directly producing H,O (eq 3), an ideal pathway,
since it avoids the formation of reactive oxygen species (ROS).
RRDE measurements showed that 3.5 electrons on average are
involved in O, reduction at the GC/MWCNT-amino-[Co]
electrode over a wide range of potentials (—0.1 to +0.4 V vs
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RHE). This is an indication of mixed 2e™ and 4e” processes
with a predominantly 4e” transfer pathway and ca. 25% H,0,
production. A likely mechanism for ORR involves first
coordination of O, to a Co(Il) species, generating a Co(III)-
superoxo intermediate,** immediately reduced at the electrode
to give a Co(II)-peroxo/hydroperoxo species**™*° from which
the two pathways diverge.

Generation of H,0, at the vicinity of the electrode surface
may damage the structure of the cobalt-based molecular
catalyst. To address this issue, we then investigated the HER
properties of the GC/MWCNT-amino-[Co] electrode both
under N,-degassed and O,-saturated conditions. Under
deaerated conditions, H, evolution is observed from an onset
overpotential of 350 mV, consistent with a catalytic cycle
involving the Co(II)/Co(I) couple of the grafted [Co]
complex.” The overpotential corresponding to a current
density of 1 mA-cm™2 is 550 mV for the GC/MWCNT-
amino-[Co] electrode. Such a value is comparable with that
(580 mV) measured for the same material deposited onto
GDL*" if the variation in [Co] loading is taken into
consideration. This point demonstrates the ability of the GC/
MWCNT-amino-[Co] cathode to evolve hydrogen at low
overpotential. Within the accuracy of the measurement, the
HER activity of the [Co]-based cathode is unaffected by the
presence of O,, as far as both the overpotential corresponding
to a current density of 1 mA-cm™ and the onset overpotential
are concerned. The only notable difference is the reduction
process observed at potentials below 0.55 V vs RHE assigned to
ORR. Of note, on the control GC/MWCNT-amino electrode,
the catalytic wave attributed to HER appears as superimposed
onto the catalytic plateau ORR current, indicating that O, and
H" reduction processes can occur simultaneously at the
electrode surface. Such a phenomenon is not observed on the
GC/MWCNT-amino-[Co] cathode. By contrast, the HER
polarization curves recorded in the presence of O, are
superimposed with that measured in its absence, which speaks
for both processes competing for the same [Co] catalytic sites.
It is possible that HER and ORR take place in geographically
distinct regions. The [Co] sites exposed at the surface of the
film may achieve ORR preventing access of O, to the bulk of
the MWCNT-amino-[Co] film where only H, evolution takes
place. This dual behavior would mirror the mechanism at play
in a recently reported enzymatic hydrogel."** However, we
found it unlikely because of the relatively low thickness of the
polyphenylene film deposited at the external surface of the
MWCNT film during functionalization.”” Anyhow, our data
show that the [Co] sites are O,-tolerant HER catalysts, since
they are able to achieve H, evolution in the presence of O,. A
similar conclusion was previously reached by Reisner’s group
on a parent [Co(dmgH),]-type (dmgH, = dimethylglyoxime)
catalyst when 21% O, was introduced in the headspace of the
electrochemical cell.'* We note that the conditions used in our
experiments are quite harsh and do not directly reflect more
realistic O, concentration in electrolyte when a 21% O, in air
atmosphere is used as headspace. Still, we postulate that the
conditions used to obtain the data shown in Figure 6 simulate
in first approximation the events at stake just after turning on a
PEC device. Back to the results previously described in ref 34
(Figure 4b and c), it is obvious that the deviation of faradic
yield from unity mainly occurs at the start of the controlled
potential coulometry experiment, which we assigned to
reduction of traces of O, trapped within the film with 495 +
2S5 turnovers achieved with the experiment.
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Several reasons might be invoked to support the high O,
tolerance of the HER catalyzed by grafted [Co] complexes. A
reason for the disconnection between H* and O, reduction
processes could first arise from the fact that ORR develops at
potentials corresponding to the Co(III)/Co(II) couple of the
grafted complex while HER involves its Co(II)/Co(I) couple.
Then, the solubility of O, in aqueous solutions is quite low
(0.27 mmol-L™") compared to the proton concentration. It is
thus not surprising that proton binding takes over O, activation
at potentials where Co(I) is formed. However, should oxygen
bind to a grafted Co(I) complex, it would directly generate the
same Co(III)-peroxo/hydroperoxo intermediate as discussed
above. From this species, H,0O, shall evolve before degradation
could occur through intramolecular attack®® on nearby
unsaturated imino positions of the diimine—dioxime ligand.
In any case, formation of H,0,, even as a minor product of
ORR, might be an issue for long-term operation if it
accumulates in the electrolyte. Solutions to overcome long-
term degradation may include the use of catalysts such as
catalase mimics for H,0, dismutation into O, and H,O.
Another strategy has been recently developed by Plumeré and
co-workers. The catalyst, an O,-sensitive hydrogenase, was
integrated into a methyl-viologen containing hydrogel. In the
reduced state formed under catalytic H"/H, conditions, this
redox mediator reduces O, at the extremity of the catalytic layer
in contact with the electrolyte and thus prevents degradation of
buried hydrogenase enzymes.*® It would be very interesting to
extend such a strategy, by which an immobilized HER catalyst
is shielded from undesired ORR, to synthetic molecular systems
such as our MWCNT-amino-[Co] electrode.

H CONCLUSION

We report here on O, tolerance of an inexpensive cobalt
diimine—dioxime catalyst covalently grafted on carbon nano-
tubes which evolves H,. Electrochemical studies demonstrate
good selectivity for electrocatalytic reduction of protons over
oxygen under O,-saturated conditions. Oxygen is mainly
reduced to water through a 4e” process, but significant
amounts of H,0, are formed anyway, which may cause long-
term degradation of such a cathode material integrated in a
PEC device. To overcome this issue, alternative O, protection
strategies are required.
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3. Integration of the hybrid cobalt diimine-
dioxime cathode into a tandem device

3.1. Introduction

To achieve the reductive side of water splitting, hydrogen evolution catalysts are in fine to be

used within an overall water splitting cell.

3.1.1. Tandem cells

Overall water splitting cells are designed to perform unbiased light-driven water splitting. To
this end, an OER anode is associated with a HER cathode, one of which should at least be a
photoactive electrode. In theory, a cell based on a single SC photoelectrode could furnish a
photovoltage high enough to exceed the 1.23 V required to split water into H, and O,.% Yet, such
devices only reach low solar-to-fuels efficiencies, namely due to their limited absorption in the
visible range. Architectures including several photoelectrodes able to harvest visible light, named
as tandem cell, have hence been explored. These devices can gather an OER photoanode and a
HER photocathode, but additional photovoltaic (PV) units might also be included.® ° An ion-
exchanging membrane is usually integrated between the anodic and the cathodic parts to separate
the gases. The presence of this membrane, but also of multiple interfaces, generates ohmic losses,
which increase the actual overpotential requirement for overall WS."

The state-of-the-art systems reported in the literature rely quasi-exclusively on material-based
photoelectrocatalytic components. A first example of an OER photoanode/HER photocathode
tandem cell made only of molecular components has been very recently given by the group of Sun
(Chapter 1.2.2.3.3)."" But the observed STH efficiency (0.05 %) in this seminal work is still far
below the ones of state-of-the-art systems that can reach more than 10 % if a PV unit is
integrated.'” Thus, tandem cells relying on molecular components either for light-harvesting or
catalysis require further developments to gain new understanding. In the current part, our aim is to
construct a prototype of such a molecular-based tandem cell that would operate overall WS.

This work first requires the selection of possible components for the construction of the cell.
Especially, a statement of the literature is that molecular oxygen-evolving photoanodes have been
more successfully established to date than their hydrogen-evolving counterparts. An attractive
approach to build a tandem device hence consists in coupling such a molecular-based photoanode
with photovoltaic units and a non-photoactive dark cathode. DSSCs are known to be PV units of

choice for application in tandem cells since they gather an easy tuning of their absorption in the
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visible range and a limited photovoltage dependence to light intensity.8b Of note, DSSCs have
been coupled with non-noble metal-oxide photoanodes absorbing in a complementary region of
the visible range to build tandem devices realizing unassisted WS.*'* We thus decided to fashion
our device on the photoanode|DSSC|HER cathode pattern. While Pt is ubiquitously used to realize
proton reduction in reported examples of such tandem cells, we believe that its substitution for an
earth-abundant efficient cathodic material would represent another step to secure a relatively low

cost.

3.1.2. Presentation of the collaborative work

The study has been launched through a collaboration with the group of A. Moore, T. Moore
and D. Gust at the Center for Bio-Inspired Solar Fuel Production in the Chemistry and
Biochemistry Department of Arizona State University (Tempe, AZ, USA). Travel and hosting

support was brought by the Solar Fuels Institute (SOFI, www.solar-fuels.org), an international

consortium uniting private companies and academic institutions for “the development of an
efficient and cost-effective system that uses sunlight to produce a liquid fuel”.

The study initiated here addresses the construction of an OER photoanode|DSSC|HER cathode
tandem cell relying on an OER photoanode and a DSSC developed by the team at ASU and the
GDL/MWCNT-Co HER cathode prepared in our laboratory. A view of the integrated
components is given in Figure IL.1.

The construction of the photoanode and the DSSC recalls precedent results of the team at ASU
and their co-workers."* A short summary of important features of these electrodes is given here,
an extensive description falling out of the scope of this manuscript.

The photoanode is assembled onto nanostructured TiO,, the n-type supporting TCO. The
electrode is photosensitized with the ZnP zinc porphyrin, since porphyrinic systems were shown
to yield highly efficient n-type DS photoelectrodes.”” Iridium oxide (IrOy) NPs are co-
immobilized on the TCO to act as OEC entities, knowing that they are efficient catalysts for water
oxidation displaying limited overpotential requirements.'® An additional benzimidazole-phenol
(BIP) moiety'*™ '” mimics a tyrosine-histidine couple within photosystem II that plays a crucial
role in hindering charge recombinations thanks to an intermolecular PCET process."
Interestingly, this moiety was shown to enhance photocurrents for water oxidation in functional

photoanodes'* and was hence further implemented in the design of new photoanodes.
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Figure II.1. Global scheme of the envisioned tandem cell gathering the GDL/MWCNT-Co HER
cathode, the TMP DSSC and the ZnP/BIP/IrO, OER photoanode.

The DSSC also relies on a porphyrinic dye (TMP), but a metal-free one. The utilization of
porphyrins as PSs does not only give access to top record performance in DSSCs," but also
permits to find orthogonal absorption ranges between the DSSC and the OER photoanode® '* by

simple derivatization and/or metalation. The Br’7/Br redox shuttle was used to increase the VOC.19
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Experimental part

Device construction

The prototypes were constructed using two plastic UV cuvettes as the two electrode
compartments. The cuvettes were cut at the desired shape with at least one hole in each to host the
electrodes, one to insert a membrane (anion-exchanging membrane) between the two
compartments and one to introduce the sensors. The as-prepared cuvettes were glued together
with epoxy glue and to a supporting Plexiglas plate. A secondary plate which is screwed to the
first one is used to stack the setup with the electrodes inside. Pseudo-reference electrodes were
introduced as plain Ag wires and PTFE tubes serve as gas in- and outlet. All tight junctions of the

cell were ensured with silicone sheets or 2-component latex glues.

Photoelectrochemical experiments

The photoanodes and DSSCs were prepared by the collaborators at ASU with modification of
previous procedures.'* The GDL/MWCNT-Co was prepared according procedures developed in
Grenoble.”

Linear sweep voltammograms were recorded with CH Instruments 650C or 760D
electrochemical workstations. In the 3-electrode configuration a Pt wire served as the counter-
electrode and a Ag wire as a pseudo-reference electrode. In the 2-electrode configuration, the
reference electrode terminal was plugged within the counter-electrode terminal.

Light irradiation was provided by a Xe lamp equipped with a 400 nm UV filter, an AM 1.5
filter and a water IR filter. The experiments were run at an incident light power density of 100
mW-cm .

Oxygen and hydrogen detections were performed by Unisense OX-N and H2-N in-needle
micro-Clark probes poised at =800 and 800 mV, respectively, and driven by a 4-channel Unisense
micrometer monometer unit. The probes were priorly calibrated by exposing them to saturating
and nil concentrations of O, and Hj, respectively, in the same buffers than used for further
photoelectrocatalysis.

Photoelectrochemical experiments were performed either in the lab-built tandem device or in
electrochemical glass cells consisting of two compartments separated by the anion-exchanging
membrane.

When DSSCs were used in the setup, they were placed behind the tandem cell so that the light
beam first reachs the photoanode and then the DSSCs.
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3.2. Results and discussion

The project was practically begun by a 2-month visit at ASU in Fall 2013. The results presented
below were mainly obtained during this period, in an income shared with M. Fournier, post-

doctoral fellow in the team of D. Gust.

3.2.1. Device design

The starting point of this project was to build a tandem cell prototype in which light-driven
experiments can be performed. This prototype is depicted in Figure I1.2.

Electrical connection Ar outlet to Electrical connection
for photoanode expansion vase for cathode
Ar inlet for

degassing

Ar inlet
for degassing
Reference Ag wire

Tight materials
(silicone, glue)

Placeholder for
cathode
(here: Pt wire)

Placeholder for
photoanode
(here: FTO electrode)

O, probe

H, probe

Stir bar Membrane

Figure I1.2. Scheme of a first prototype of the device with important components shown through
yellow arrows.

The cell is constructed to host the OER photoanode and the HER cathode, while the DSSC is
to be included externally. The stacked architecture of the device allows a facile change of the
electrodes to screen several operating conditions. The two catalytic electrodes are plunged in the
same supporting electrolyte. These electrodes are thus separated by an anion-exchanging
membrane for the separation of gases. The limited volumes of solution and headspace (typically
1-1.5 mL and 0.5-1.5 mL, respectively) are intended to improve the accuracy for the quantitative
measurements of the evolved gases. To detect and quantify these gases, an O;-sensor and an H,-
sensor (Clark micro-probes) are positioned in the anodic and cathodic compartments, respectively.
The vigorous stirring of the electrolyte in each part restrains diffusion-controlled processes and

increases the time-resolution of the gas detection. A series of electrical connections are also set.
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These connections serve to plug the working electrode and the Ag pseudo-reference electrode
introduced at both sides. The PTFE in- and outlet permit to degas the anodic and cathodic parts
with a stream of Ar. Degassing the operating cell is indeed crucial to remove any residual O,
either from the photoanode part that would bias the detection of evolved O, or from the cathode
part that would lead to undesired O, reduction (see 0). For these reasons, the whole cell is sealed
with oxygen-tight materials, such as silicon-based glue and plates.

Once built, the setup was used to test different configurations and to run overall WS

experiments.

3.2.2. Light-driven experiments

Several conditions for the device have been screened, in terms of number and positioning of
the DSSCs but also in terms of choice of the buffer. Only a selected panel of relevant results is

shown here.

3.2.2.1. Hybrid cathode associated with DSSC

A first goal was to demonstrate that light harvested by the DSSC provides an energetic income
able to ease proton reduction at the cathode. For this, a simplified system was used (Figure I1.3),

which included the GDL/MWCNT-Co cathode, a Pt wire as anode and a TMP DSSC for

irradiated experiments.

1 1
| i
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Applied bias {
1
—_— i
1 1
1
Potentiostat |’ DSSC ir—
I |
B i 4
1
1
1
1
1
1
1
1
1
1
1
1
GDL/MWCNT-Co : Membrane Pt

Figure I1.3. Simplified scheme of the 2-electrode configuration without or with (red dashed line) a
DSSC connected in series in the circuit and irradiated during the measurements.
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The linear sweep voltammogram is registered in a 2-electrode configuration. This
configuration permits to display the global overvoltage (Vi) for water-splitting, taking into

account all ohmic losses (#..;;) from the setup and given as:

Viet = V?vs + N+ Na + Neew Eqgn.I1.1

where 7. and 54 represent the cathodic overpotential for HER and the anodic overpotential for
OER, respectively.

The LSV in the dark displays global voltages about 1.6 V at onset and 1.9 V at =100 pA-cm 2,
these current values being normalized by the surface of the cathode (Figure I1.4, left). The onset
value is consistent with V;5,¢ = 1.23 V to which is added the proton reduction overpotential of the
GDL/MWCNT-Co cathode (ca 350 mV). The overpotential of the Pt anode and the ohmic losses

are considered to be quite low at low currents.

Photocurrent (mA)

0.7 P —
T T T 5 T T T d T T 0.0 - - : - T -
25 20 -1.5 -1.0 05 -0.75 -0.50 -0.25 0.00
Voltage (V) Voltage (V)

Figure I1.4. Linear sweep voltammograms of the GDL/MWCNT-Co cathode|Pt anode device in a 2-
electrode configuration in the absence (blue line) and in the presence (red line) of an irradiated TMP
DSSC in the circuit and recorded in a pH 5 MES/HEPES/NaClO, 0.1 M each buffer at a scan rate of 0.5
mV-s ' (left); i-V characteristics of the DSSC extracted from the in-device LSVs (purple line) and for the
unloaded DSSC recorded at a scan rate of 10 mV-s™' (orange line) (right). Cyan lines indicate the way to
extract the graph on the right from the one on the left for the GDL/MWCNT-Co cathode|Pt anode device.

Interestingly, when the DSSC is added to the circuit and light is on, the voltammogram is
shifted anodically. The global voltage at —100 pA-cm* is now of ca 1.2 V (Figure IL4, left). This
figure is inferior to the thermodynamic requirement for WS. The light income being transformed
at the DSSC hence provides a photovoltage for this reaction.

By subtraction of the currents in the absence from the ones in the presence of light, a
photocurrent-voltage characteristic is accessed for the in-device DSSC (Figure 11.4, right). The

photocurrent-voltage behaviors depicted on Figure 1.4, right, show that the onset photovoltage

furnished by the solar cell when integrated in the device (around 0.78 V) is in good line with the
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open-circuit photovoltage of the unloaded cell (around 0.82 V). These curves also feature similar
shapes although a deviation is observed at higher current densities, with the in-device DSSC
delivering less current than expected. The LSV of the full device is recorded at scan rate much
lower than the one of the unloaded DSSC (0.1 vs 10 mV-s ), making the irradiation time quite
longer. Thus, a progressive light-induced degradation of the DSSC during the in-device
measurement can explain the observed partial loss in photocurrent.

Yet, the results suggest that the TMP DSSC can act as a current-voltage supplier to split water.
These results also represent a first demonstration of the PV+electrolysis approach'® based on
molecular components for LH and proton reduction. Such findings are thus encouraging towards

the construction of a self-sufficient WS tandem cell.

3.2.2.2. Self-sufficient light-driven O, evolution

To get closer to a self-sufficient device for water splitting, further incorporation of a second
photoactive entity has to be considered. Indeed, as shown above, the maximum photovoltage
provided by a single DSSC is not high enough to drive the overall WS reaction that requires
1.23 V. To overcome that point, the ZnP/BIP/IrO, OER photoanode can be introduced in the
device. However, the system was studied in a simplified view first, in which the cathode was
replaced by a Pt wire and a single-part cell was used.

The LSV of the ZnP/BIP/IrO, photoanode recorded in this model cell in a 2-electrode
configuration is presented in Figure II.5. Under light irradiation, an anodic photocurrent develops
and raises a plateau at about 17 pA-cm * before a marked increase in current is observed starting

from ca 1.1 V. This photocurrent is ascribed to water oxidation.

60
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Figure IL.5. Linear sweep voltammograms of the ZnP/BIP/IrO, photoanode|Pt cathode device in a 2-
electrode configuration in the dark (black line) and under illumination (red line) recorded in a pH 7
phosphate buffer 50 mM at a scan rate of 5 mV-s .
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To reach improved current in the device, a potential higher than that of onset of the sharp
increase in photocurrent (ca 1.1 V) should be applied. Given the value of this onset, a single
DSSC of V¢ around 0.82 V is not expected to comply with that condition. Hence, in the tandem
device, 2 DSSCs were introduced in series, so that their photovoltages are added. Such a device
consisted in a ZnP/BIP/IrQ, photoanode, 2 TMP DSSCs and a Pt cathode, all components being
wired in series (Figure I1.6, left). The irradiated device generates a photocurrent of 10 pA, with
concomitant oxygen evolution, as observed through the O;-sensor (Figure IL.5, right, red line).
Moreover, oxygen is produced with a faradaic efficiency close to unity for the duration of the

experiment (Figure I1.5, right, blue line).

VOC VOC
—_—  — 20
DSSC DSSC i
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©

E 10
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< 5 Light on

0
6 é I 1l0 1|5
t (min)
Pt ZnPIBIP/IrO,

Figure I1.6. Simplified scheme of the ZnP/BIP/IrO, photoanode|2 TMP DSSCs|Pt cathode device
used for light-driven overall water-splitting (left) and O,-evolution as monitored through an O, Clark
micro-sensor (red line) and as expected assuming a unity faradaic efficiency from the steady 10 pA current
establishing in this device (blue line) operated in a pH 7 phosphate buffer 50 mM (right).

Enthusiastic about these results, we envisaged the further step that consisted in substituting the
GDL/MWCNT-Co for Pt at the cathode device. First, we simulated the photocurrent-voltage
response of the 2-electrode setup ZnP/BIP/IrO, photoanode| GDL/MWCNT-Co cathode. In that
aim, the overpotential requirement for the GDL/MWCNT-Co cathode (approx. 350 mV; see
Chapter I1.1) is artificially implemented into the photocurrent-voltage curve of the ZnP/BIP/IrO,
photoanode|Pt cathode device shown in Figure IL.5 (red line). We could estimate from the
intersection of this curve with the photocurrent-voltage characteristics of 2 TMP DSSCs in series,
the expected Jo, operating current and Vj, voltage of the complete device (Figure I1.7). The
values for the operating voltage and current were found at ca 1.49 V and 18.5 pA-cm™ . As a note,

these calculations only give an approximation of the operating conditions, a more precise
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estimation would require further investigations. In any case, as the slope of the current-voltage
curve of the 2 DSSCs is nearly vertical nearby the intersection (Figure I1.7, inset), a drift in Jo, 1s

more likely expected than a drift in V.
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Figure I1.7. Cross-graph between the LSV of the irradiated ZnP/BIP/IrO, photoanode artificially
implemented with a 350 mV additional voltage (red line) and of the current-voltage curve of 2 TMP
DSSCs mounted in series (orange line) with a magnification of the crossing zone (inset) showing the
expected current and voltage in the irradiated tandem cell.

When the overall ZnP/BIP/IrO, photoanodel2 TMP DSSCs|GDL/MWCNT-Co cathode
device is irradiated, the current establishing into the cell is at 6 pA. This current is actually lower
than the value obtained from the estimated cross-graph. Despite this current, no hydrogen
production was observed at the cathode, which would be the final warrant of the cell design.

Our investigations then focused on the reason why a current develops, which does not yield
HER catalysis at the cathode. We therefore measured the potential at the cathode in the irradiated
tandem cell against a silver wire pseudo-reference. The operating cathodic potential was found
more positive than the potential required to reduce proton at this GDL/MWCNT-Co cathode. We
thus suspected a side-reaction turning over at lower overpotential at the cathode, like O,
reduction. To confirm this hypothesis, we recorded a LSV at a non-degassed cathode.

This LSV (Figure 1.8, left) displays a marked event peaking at ca — 0.75 V vs Ag™, thus at a
potential positive from the catalytic hydrogen evolution. As well, if a small constant current is
applied at the undegassed electrode, the potential establishes at this event (around —0.6 V vs Ag” %)
before reaching more negative values (Figure I1.8, right). These results relate well with the
process of O, reduction that was evidenced at the GCE/MWCNT-Co cathode (see 0). Hence, we
postulated that during operation of the full tandem device, in which low currents develop (10 pA

range), the cathode equilibrates on the ORR reaction, which hinders any hydrogen evolution

occurring at larger overpotentials.
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Figure IL.8. LSV recorded at an undegassed GDL/MWCNT-Co cathode in 0.1 M phosphate buffer at
pH 4.7 with a scan rate of 10 mV-s™' (left) and potential versus time during a chronopotentiometric
measurement at —100 pA at an undegassed GDL/MWCNT-Co cathode in 0.1 M NaClO, aqueous
electrolyte at pH 4.9 (right).

Although the cell was degassed with Ar before operation, air could actually be trapped within
the GDL membrane that can hardly be removed, due to the geometry of the lab-built device. Thus,

this geometry should be further engineered in future works.

3.3. Conclusion and perspectives

This project was a premise to the construction of a tandem cell for overall WS. The first
milestone we reached was the design of a prototype that can host the electrodes for WS as well as
certain materials to assess their performance once integrated. We then analyzed sequentially the
behavior of the GDL/MWCNT-Co cathode and the ZnP/BIP/IrO, photoanode when coupled
with the TMP DSSCs used to supply the additional voltage necessary for proton reduction or
water oxidation, respectively. These prior analyses made us conclude that in a first approach 2
DSSCs should be introduced in the device to generate enough photovoltage. In particular, the
ZnP/BIP/IrOx photoanode|2 TMP DSSCs|Pt cathode setup evidences self-sufficient WS under
light irradiation, producing oxygen with unity faradaic yield.

Finally, the full device implemented with the GDL/MWCNT-Co cathode generated a
photovoltage under unbiased conditions. Yet, the current does not lead to hydrogen evolution at
the cathode. The reason for this observation has been identified as the side-reduction of residual
oxygen. As low currents flow into the light-driven cell, the time to pass enough charge to reduce
the total amount of O, trapped at the cathode can be quite long. Although this material was
demonstrated to be O,-tolerant,’ the presence of limited oxygenic concentrations still represents a

main concern for the operation of the tandem device. To tackle this issue, following prototypes
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were constructed at ASU on alternative architectures that should permit a better degassing of the
cathodic material.

More fundamental considerations to improve the setup rely on the introduction of a photoactive
entity directly within the cathode. Especially, a setup gathering a hydrogen-evolving DS
photocathode coupled with the oxygen-evolving photoanode can possibly achieve WS without the
need of external DSSCs. This approach is the one that was recently shown fruitful by the group of
Sun (see Chapter 1.2.2.3.3)."" Current developments in our group concerning HER photocathodes,
including the ones presented in the following chapters, let us envision the construction of tandem

devices based on molecular systems with fully covalent immobilization.
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Conclusions and outlook

In this chapter we investigated the properties of the [Co™(DO)(DOH)pnL;] catalyst in the
frame of its integration in device.

First, we could demonstrate that the homogeneous catalyst poised at potentials low enough to
perform proton reduction is transformed into Co-based nanoparticles which are the effective HER
catalyst. This phenomenon was previously observed at pH 7 and we could further establish that it
also occurs at pH 2.2. We therefore posit that this degradation takes place in aqueous solutions
whatsoever the pH. Overall, these observations raise the interesting questions of the nature of the
deactivation pathways but also of the detection of the degradation products possibly catalyzing
HER.

By contrast, the molecular catalyst remains intact and active for proton reduction, namely at pH
4.5, once grafted onto GDL/MWCNT electrodes. The molecular-engineered cathode displays
low overpotential for HER and sustained activity in aqueous media. These encouraging features
further drove our work to device-related studies.

In this view, the GCE/MWCNT-Co cathode was shown to operate HER in the presence of
high concentrations of oxygen, which does not significantly impact the overpotential for proton
reduction. The relative tolerance toward oxygen of the GCE/MWCNT-Co assembly is
particularly appealing for an immobilized architecture that has to operate in a tandem cell.

Introducing such a cathodic material actually represents a main bottleneck to reach a platinum
free self-sufficient WS tandem cell. Indeed, the ZnP/BIP/IrO, photoanode]2 TMP DSSCs|Pt
cathode device was demonstrated to evolve oxygen in unity faradaic yields under unbiased
irradiated conditions. But the GDL/MWCNT-Co cathode integrated in the tandem cell
preferentially realizes the reduction of residual amounts of oxygen over proton at low currents.

Further studies will focus to improve the design of this tandem device to facilitate O,-free
conditions at the HER cathode. But the ideal solution to the O; issue is to develop efficient O,-
tolerant photocathodes generating high photocurrents that would quickly reduce oxygen without
deactivation and further equilibrate on hydrogen evolution. The immobilized
[Co™(DO)(DOH)pnL,] complex was demonstrated to display tolerance to O, while operating in
aqueous media. Therefore, we will now dedicate our work to the construction of photocathodes
integrating the [Co™(DO)(DOH)pnL;] catalyst. More especially, we will attempt to associate
photosensitizers along with the catalyst to perform both LH/CS and hydrogen evolution catalysis.
Such DS photocathodes would then represent candidates of choice for implementation in an

overall WS tandem device.
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Attaching cobalt diimine-dioxime complexes
onto transparent conducting oxides

In the perspective of developing versatile molecular photocathodes, the most straightforward
path was to harness the co-grafting strategy described in introduction. While previous works of
the group realized the attachment of [COHI(DO)(DOH)anz] onto dark electrodes,1 the
underlying requirement is then to shift to transparent conducting electrodes.

This chapter, as a preamble to Chapter IV, is focused on the development of architectures with
the molecular complex grafted at the surface of TCOs and the subsequent characterizations of
these hybrid electrodes.

First, the two strategies envisioned for the attachment onto TCOs are quickly presented. Some
preliminary results are depicted, which drove us to focus more specifically our investigations on
one of these strategies.

This strategy is then developed in more details in the rest of the chapter. To start, the syntheses

of new derivatives of [COIII

(DO)(DOH)pnL;] bearing TCO-purposed anchoring moieties is
shown.

The immobilization of these new derivatives onto TiO,, as a benchmark TCO, is described.
Characterizations of these hybrid electrodes, mainly by electrochemical means, is presented in
parallel.

In a final part, the attachment of a new [COIH(DO)(DOH)anz] derivative onto NiO, the p-
type TCO chosen for the construction of DS photocathodes, was set up. The results of

electrochemical and spectroscopic investigations conducted with these architectures is discussed

more broadly.
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1. Strategies envisioned for the attachment on
transparent conducting oxides

Our approach is based on the utilization of anchoring moieties to graft the
[COIH(DO)(DOH)anz] complex onto TCOs. Among them, the attachment through phosphonate
or carboxylate binding groups has shown encouraging results when set in application into DS-
photoelectrodes.” To immobilize a catalyst via an anchoring moiety at the surface of a TCO, two

strategies might be envisioned.

1.1. Description

A first strategy, named here as sequential functionalization, (Strategy A, Figure III.1) consists
to priorly grafting a species displaying a pendent reactive group. Then, the catalyst decorated with
a complementary moiety is coupled by reaction with the reactive group which is already attached
onto surface.

The major interests for following this approach are the less demanding molecular synthetic
steps and the versatility of the reactive moieties involved in coupling the catalytic motif with the
surface anchor. On the other side, the reaction on the surface is likely to be less controlled than its
equivalent under homogenous conditions for which classical purification methods, such as flash
chromatography, are available. Also, the correct characterization of the surface-anchored species
requires advanced analysis techniques as XPS, TOF-SIMS or surface-related NMR. This
characterization should in theory be repeated at each step, which renders the process practically
long. Meanwhile, we note that electrochemistry also provides insightful characterizations of the
electrode from a structural and, more importantly here, from a functional point of view.

The second strategy (Strategy B, Figure III.1) is to first build the entire molecular entity that
contains both the deprotected anchoring group(s) and the catalytic motif, but often associated with
solubility issues. Then, this molecule is readily attached at the surface of the TCO to yield the
expected desired architecture. Such a strategy will be quoted in the present manuscript as full
entity functionalization.

This pathway is synthetically more challenging, since it requires the preparation of molecules
displaying both the catalytic motif and the surface anchoring groups. But this point also facilitates
the precise characterization of the molecular entity prior to grafting through classical molecular

analyses like NMR, mass spectroscopy (MS) or elemental analysis (E.A.). Once the synthesis is
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completed, the immobilization onto electrode is obtained in one step, thus in a straightforward
fashion.

This section briefly describes preliminary results based on the sequential functionalization
strategy for immobilizing [COHI(DO)(DOH)anz] at the surface of TCOs. This strategy revealed
unfruitful in the first place, the reason why we further focused our investigations on the full entity
functionalization strategy. This second pathway will constitute the main core of this chapter.

Strateqgy A

}vvvwv[ )vwvvaN\Nv.
nnd W
)wvvvv[ }\vavD

FTO Meso

TCO
) Surface anchoring group
Strateqy B [ | Reactive moieties
) o M . Catalyst

FTO Meso
TCO

Figure III.1. Strategies envisioned for the attachment of HECs onto TCO surfaces.

1.2. Sequential grafting strategy: preliminary results

This sequential functionalization strategy has been widely used to immobilize efficient
molecular HECs onto various substrates." > In particular, the construction of the GDL/MWCNT-
Co hybrid material (see Chapter 1.1.4.3) relies on this approach. In this case, amino groups were
attached to MWCNTs through the reduction of 4-(2-aminoethyl)-benzene diazonium salts. Then,

this moiety was reacted with the phtalimide activated ester group on the catalyst derivative
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[Co™(DO)(DOH)pnCsPhtCl,] to yield a covalent amide bond. We logically followed this
strategy for our first assays to attach the HEC onto TCOs. Whereas diazonium salt reduction was
previously used for the grafting onto carbonaceous electrode substrates, alternative anchoring
groups for the attachment onto TCOs, as phosphonate or carboxylate bindings, are to be
considered here.

To exploit the [Co™(DO)(DOH)pnCgPhtCl,] activated ester derivative priorly developed by
the group, we investigated the possibility to react it with surface-anchored amino groups. We used
model surface and surface attachment linkers to validate this strategy.

The electrodes were constructed onto planar FTO surfaces, since FTO displays a quasi-metallic
behavior’ that would facilitate the electrochemical characterization of the decorated substrates.
The commercial 2-aminoethylphosphonic acid PC,NH, (Figure II1.2) was employed for the
attachment of reactive amino groups onto surface, through binding of the terminal phosphonate
moiety. A short spacer chain (2 carbon atoms) was selected in this first example to ensure facile
electron transfer from the electrode to the Co centers.

For the first immobilization step, water was used as a solvent to dissolve the PC,NH; product.
The expected FTO-PC,NH, surfaces are further reacted with [Com(DO)(DOH)panPhtClz]
under dry conditions in the presence of 2,6-lutidine as a base (Figure IIL.2), following the

procedure developed for the construction of the GDL/MWCNT-Co electrodes.'
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Figure III.2. Sequential functionalization pathway towards the construction of the FTO-PC,CsCo
electrodes.

At each step, the electrodes were characterized through electrochemical means. As an example,
the corresponding cyclic voltammograms (CVs) are shown in Figure III.3. A wave is observed at

ca—0.50 V vs Ag/AgCl at the targeted FTO-PC,NH; electrode.
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Figure II1.3. CVs recorded at a blank FTO (black line), the expected FTO-PC,NH, (red line) and the
expected FTO-PC,CsCo (blue line) electrodes in a 0.1 M NaCl aqueous electrolyte at a scan rate of
100 mV-s .

The intensity of the peak of this wave depends linearly on the scan rate (not shown). This
behavior indicates a mnon-diffusional electrochemical event’ The integration of the
electrochemical waves leads to surface densities around 1-2 107 mol-cm? of electroactive sites,
in the range of a monolayer. However, the question of the origin of such an electrochemical event
is not answered. Indeed, no species obviously reducible at this moderately cathodic potential is
introduced at the FTO-PC,NH; electrode. We tentatively postulate that this behavior results from
the interaction between a FTO surface Sn'' site and one or several dangling NH, group(s), the
coordination of which would facilitate the reduction of Sn" to Sn".

Upon addition of the [COIH(DO)(DOH)panPhtClz] derivative, a quasi-identical
electrochemical feature is seen. At the same time, the electrochemical signature of the
[CoHI(DO)(DOH)pnClz] complex is not present. These observations lead us to conclude that the
amide bond formation that should yield the FTO-PC,CgCo electrode does not occur under these
conditions. This point is also in line with the unavailability of the pendent NH, groups in the
hypothesis where they are bound to surface.

These primary results, as well as other similar attempts on different TCOs (TiO,, ITO), showed
that the sequential functionalization pathway based on an amide coupling is not as straightforward
as expected for the preparation of [CoIH(DO)(DOH)anz]-decorated TCO electrodes. For this
reason, our investigations were afterwards directed toward the full entity functionalization

strategy.
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2. Attachment onto benchmark TCOs by full
entity functionalization

A better control of the molecules attached onto surfaces is expected through the full entity
functionalization strategy. The synthesis of new derivatives of the [COHI(DO)(DOH)anz]
complex directly bearing TCO-purposed anchoring moieties is described first. In a second part,
their immobilization onto a benchmark TCO is depicted. The obtained electrodes are

characterized by electrochemical and, when available, spectroscopic means.

2.1. Synthesis

We synthetized a series of three derivatives of [COHI(DO)(DOH)anz]. One derivative is

functionalized by a carboxylic acid group and the other two carry a phosphonic acid group.

2.1.1. Carboxylic acid-functionalized derivative

A carboxylic acid  derivative  was  inspired by the  activated  ester
[Co™(DO)(DOH)pnCsPhtCl,] used in previous studies." The CsCOOH cyclooctyne (Figure
I11.4) was commercially synthetized following a procedure from the literature.® The Cu-free
Huisgen cycloaddition with the azido-functionalized [COIH(DO)(DOH)Ng,pnClz] complex readily

gives the Cocoon acid carboxylic derivative in good yields (Figure 111.4).

>_°l< MeCN al
7 N\ R.T, 24h
N\|/N—O\ ’ N \N—O
+ N ol H @— 3 HO (o) Y N1/ Ny
HO\‘(\O = N N e Ne. 7 SN
! \ | 7 64% o N N ATO
|

CzCOOH [Co(DO)(DOH)N3pnCl;] Cocoon

Figure II1.4. Synthetic pathway to the Cocoon acid carboxylic derivative. R.T.: room temperature.

The "H NMR spectrum recorded after acetone washing displays a single-defined series of
peaks that indicates a single regioisomer is obtained. This isomer is likely the exo isomer
represented on Figure II1.4, as a consequence of steric constraints. A peak at 12.59 ppm, the
integration of which corresponds to 0.9 proton, is attributed to the proton of the carboxylic acid.
This observation indicates that the carboxylic acid is protonated and does not bind to the Co
center, which further supports the presence of the single exo isomer. The carboxylic acid moiety

will be exploited later to attach this [COHI(DO)(DOH)anz] derivative onto TCO.
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2.1.2. Phosphonic acid-functionalized derivatives

In a second approach, we investigated phosphonic acid binding groups for the immobilization
of [COIH(DO)(DOH)anz] variants. The constructions were designed to drive the electron
transfer from the surface to the catalyst, upon excitation of a supported photosensitizer. Thus, long
spacer chains were introduced to locate the Co catalytic centers on the top of the PS layer. These
spacers were also utilized as a way to functionalize the backbone with the phosphonate moieties.
To simplify the synthesis, diethyl ester phosphonates served as masked phosphonic acids and

were deprotected at the last step.

2.1.2.1. Cyclooctyne-based pathway

This first entity was also constructed on the platform developed above for Cu-free
cycloaddition. The Pg(C12NH, commercial C,, alkyl chain (Figure II1.5) bearing a diethyl ester
phosphonate and an amine at opposite ends was selected as linker. An amide bond is formed upon
reaction of the terminal amine with the carboxylic acid of C3COOH in the presence of the 1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate
(HATU) coupling reagent. The PgiC12Cs product was obtained as an oil, from which traces of the
DMSO solvent used for the amide coupling could not be completely excluded, even after repeated

extractions or flash silica column purification.
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Figure IIL.S. Synthetic pathway to the Cocscize phosphonic acid derivative. DIPEA: N,N-
diisopropylethylamine; dist.: distilled; DCM: dichloromethane; MeOH: methanol.

This intermediate was then reacted with [COIII(DO)(DOH)N3PHC12] in a Huisgen
cycloaddition to afford the Cocscizprt ester phosphonate derivative. This product was purified by

elution through a size exclusion chromatography on Sephadex gel. MS analysis of the selected
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fraction evidences the formation of the expected Cocscizprt. However, two series of peaks were
observed in the '"H NMR spectrum, which likely indicates the presence of the two regio-isomers
of the clicked compound. The diethyl ester phosphonates were converted into phosphonic acids
through a deprotection assisted by TMSBr. This last steps yielded the bi-deprotected phosphonic
acid Cocscizp but in the presence of mono-deprotected and protected analogues. Mass
spectroscopy analysis in the negative mode also reveals that the ancillary chloride ligands have
been mainly exchanged for bromide ligands due to the utilization of TMSBr.

The mixture of products was used without further purification to validate in the first place the
I

proof of concept for the attachment of [Co
benchmark TCOs.

(DO)(DOH)pnL.;] phosphonic acid derivatives onto

2.1.2.2. Copper-catalyzed pathway

A strained cyclooctyne ring, initially developed by Bertozzi,” has been exploited until now to
couple [COIII(DO)(DOH)N3an2] with functionalization moieties through a Cu-free Huisgen
[3+2] cycloaddition. This strategy was applied to avoid the substitution of Co for Cu in the
diimine-dioxime ligand, which is observed when classical Cu-catalyzed conditions involving
unactivated alkynes are employed for the cycloaddition. However, the cyclooctyne ring is quite
strained and can thus possibly result in side-reactions. For instance, such degradative pathways
were observed when PgC12Cg was directly deprotected with TMSBr. Also, the non-catalyzed
Huisgen [3+2] cycloaddition is less regioselective than the Cu-catalyzed one.® These reasons
prompted us to re-investigate the synthetic strategy through the classical copper-catalyzed azide-
alkyne cycloaddition (CuAAC).’

The synthetic route was started from the [CuH(DO)(DOH)N3pn]ClO4 Cu-metallated complex
(Figure I11.6). This complex was reacted by CuAAC with the commercial Pg(CoCC linker (Figure
I11.6) featuring both a terminal diethyl ester phosphonate and a terminal alkyne moieties. The
click reaction is catalyzed through a mixture of CuSO4 and sodium ascorbate (NaAsc) which
yields in situ the Cu' catalytic species.9b Since the Cu" center prohibits correct identification on
the "H NMR spectra, the coupled product is characterized by MS which confirms the formation of
Cuciipet (Figure 111.6).

This intermediate is directly involved in the next step where Co'" is substituted for Cu". Prior
attempts in the group relied on the removal of Cu" from the (DO)(DOH)pn™ coordination sphere
with chelating agents as EDTA or thiocyanates. To date, they proved unfruitful. Hence, the

ur -

possibility to insert in one-pot Co  in the place of Cu" was envisioned. Mimicking the Co™

metalation process of the (DOH),pn ligand,'™ '° the substitution was performed by adding an
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excess amount of a cobalt salt (CoCl, or CoBr», for instance) while bubbling air into the reaction

" state which has a higher

media. Air bubbling was intended to oxidize the inserted Co" to the Co
affinity for the negatively charged tetradentate (DO)(DOH)pn™ ligand. Such an oxidation step
was not performed in the previous attempts of the group. This oxidation likely pushes the reaction
toward the full incorporation of Co into the (DO)(DOH)pn™ ligand.
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Figure I11.6. Synthetic pathway to the Coci1p phosphonic acid derivative. Sat.: saturated.

The crude mixture is further purified by silica flash chromatography using a mixed
organic/aqueous eluant. Under these conditions, the chloride ancillary ligands are displaced for
aquo ligands. The reprecipitation of the selected fractions with a NaBr-saturated aqueous solution
yields the expected Coc11prt derivative displaying bromide axial ligands. Finally, the diethyl ester
phosphonate is converted to the di-deprotected phosphonic acid with TMSBr. This reaction
proceeds in good yields and gives the expected Cociip derivative that contains only Br axial
ligands.

Without additional treatment, Cocyip Will be immobilized onto TCOs through the free

phosphonic acid group.
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2.2. Characterization of the new derivatives supported
onto benchmark T10,

The derivatives synthetized above were assessed in regard to their attachment onto TCO

surfaces.

2.2.1. TCO considered

To facilitate comparison, we first selected supporting materials with well-known characteristics
and electrochemical behavior. As well, mesostructured films are interesting candidates, since they
present high surface areas thus possibly high surface loadings. This property renders the
characterization of the pool of grafted species more straightforward. Different TCOs were
envisioned for this preliminary study, as FTO, ITO and TiO,, but the only one at our disposal to
gather good transparency, well-known electrochemical signatures and a mechanically resistant
mesostructuration was TiO;,

Indeed, TiO; is the benchmark TCO implemented in the large majority of n-type DSSCs. This
n-type SC has a CB located downward from NHE, although the exact positions of its Fermi and
conduction band levels are matters of debate.'' Actually, these levels can slightly vary depending
on the structure of the TiO, used and on the assessment techniques and conditions. Of note, due to
the protonation of the surface species, the potentials of the band edges show a Nernstian

. 11,12
behavior. ' ®

Electronic conductivity might still be expected at potentials more cathodic than 0 V
vs NHE. In practice, many examples report possible electrochemical scanning of redox couples in
the negative potential window at TiO, electrodes.”> This point is relevant here since the
[COIII(DO)(DOH)anz] derivatives are expected to have an electrochemical signature at
potentials negative to NHE.'” ' We thus started our investigations onto n-type mesoporous TiO,

as the benchmark TCO.

2.2.2. Immobilization onto T10,

Mesoporous TiO, layers are routinely produced at the industrial scale by the Solaronix
company, partner of this work in the frame of the ArtipHyction European project. The electrodes
used in our study are prepared by one or two steps of screen-printing of a paste containing
preformed TiO; nanoparticles at the top of a FTO layer deposited onto glass. The films are further
sintered in our laboratory in Grenoble, by burning them in a flat furnace at 450 °C. SEM
photographs of the thusly prepared electrodes are shown Figure II1.7. The TiO, mesoporous layers
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used in this study are about 600 nm for singly screen-printed electrodes and 1.2 um thick for

doubly screen-printed ones.

s Loty

SR

Figure II1.7. SEM photographs at the perpendicular (left) or with a tilt angle (right) of a singly screen-
printed Glass/FTO/mesoTiO, electrode.

The graftings were performed in methanolic solutions at 0.5 mM of the Cocscize, Coc1ip or
Cocoon compounds. The substrates were dipped in the solution just after sintering, when still
warm (ca 90°C), and sensitized for 24h. At the end of the immobilization process, the electrodes

were rinsed with MeOH to remove any physisorbed catalyst from the surface.

2.2.3. Characterization of the electrodes

To test the TiO, hybrid electrode constructions at the laboratory scale, electrochemical
investigations were conducted. These investigations aim at the detection of the attached
[COIII(DO)(DOH)anz] derivatives onto TiO, surfaces. [Co(DO)(DOH)pnBr;] has two
reduction waves at —0.57 and —1.11 V vs Fc™ for Co™" and Co™ events.'” ' Thus, its
derivatives are expected to display electrochemical waves at similar potentials, which are likely

W1

accessible onto TiO, electrodes, especially for the Co ™ event.

2.2.3.1. TiOy-Cocoon electrodes

The immobilization of Cocoon onto TiO, electrodes is performed as described above and is

schematically represented in Figure I11.8.
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Figure I1L.8. Preparation of the TiO,-Cocoon electrodes (doubly screen-printed substrate).

The cyclic voltammogram of the corresponding TiO,;-Cocoon electrode in neutral aqueous
media is shown in Figure II1.9. At positive potentials, a flat background is observed, as expected
in this region corresponding to the band gap of TiO,. Scanning potentials downward, the CV
displays an irreversible cathodic peak at ca —0.25 V vs NHE. A second feature appears at more
negative potentials. This feature is observed close to the return potential, with a raise in reduction

currents and a small bump at —0.56 V vs NHE in the reoxidation current.
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Figure II1.9. CVs of a pristine TiO, (black line) and a TiQ,-Cocoon (blue line) electrodes recorded in
NaCl 0.1M aqueous electrolyte at a scan rate of 100 mV-s .

These two signatures are also present at the blank TiO, electrode (Figure II1.9). Thus, these
events are not correlated to the presence of Cocoon at the surface but rather to intrinsic properties

of the TiO, electrode.

The peak at —0.25 V vs NHE is actually ascribed to the presence of mono-energetic states in the
intra-band gap region.''™ '* > These states, which are believed to be localized at grain

boundaries,''® '® act as electron traps. The observed peak is due to the capacitive electron charging

of such trap states.
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At more negative potentials, electrons are enough energetic to fill the states corresponding to
the CB of TiO, that yields the feature observed nearby the return potential. The CB is partially
charged during the forward scan, which explains the raise in cathodic current, and discharged
during the backward scan, which explains the bump in reoxidation current.'*® Overall, these
processes are more precisely described by mixed resistive and capacitive behaviors within the
film and at the film/electrolyte interface.'*® A complete description of these two phenomena falls
out of the scope of this manuscript, but relevant models can be found in the literature.''¢ 12 13 13¢

Nevertheless, the CVs show that the Cocoon derivative is not significantly present at the
surface of the electrode, when dipped in a neutral aqueous media. This result is in agreement with
the poor stability of carboxylate binding onto TiO, under aqueous conditions,'” which has been
shown to readily desorb from TiO, at neutral pH.'"™

For this reason, we further switched our investigations to derivatives bearing phosphonic acid

moieties for the grafting onto TiO,.

2.2.3.2. TiOZ'COClzcgp electrodes

The following work was conducted with the Cociz2csp derivative. The immobilization is

performed identically to the previous case, as shown in Figure I11.10.
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Figure I11.10. Preparation of the TiO,-Cocscizp electrodes (doubly screen-printed substrate).

The CV of the TiO,-Cocizcsp electrode shows a broad, partially reversible wave centered at

—0.40 V vs NHE (Figure III.11, left). The blank TiO; electrode does not display a similar feature

at this potential. This wave is thus attributed to the Co™

1

couple of the Cocizcsp derivatives
attached onto the surface. The Co "~ potential of the grafted complex is anodically shifted
compared to the GDL/MWCNT-Co immobilized one (—1.08 V vs Fc¢'”* i.e. —0.54 V vs NHE).
While the reduction wave is well defined, the broad reoxidation wave indicates a slow process.

This observation is more striking when the scan rate is increased to higher values (Figure III.11,
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right). The peak-to-peak potentials difference becomes more marked, and the peak currents
difference points a sluggish reoxidation system. Similar behavior has been observed on TiO,

electrodes decorated with redox probes for the cathodic window.** %
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Figure III.11. CVs of a pristine TiO, (black line) and a TiOQ,-Cociacsp (blue line) electrodes recorded
at a scan rate of 100 mV-s' (left) and of a TiO,-Cociacsp electrode recorded at 10 (red line), 50 (purple
line), 100 (blue line), 250 (cyan line) and 500 (green line) mV-s' in NaCl 0.1 M aqueous electrolyte
(right).

However, the signature of the complex is lost upon repeated cycling, possibly caused by
detachment of the Cocscizp. The incomplete hydrolysis of ester phosphonates (see Chapter

II1.2.1.2.1) might result in a weaker surface binding. Thus, we decided to directly pursue our

investigations with the Coc1ip derivative.

2.2.3.3. TiO3-Cocyp electrodes

The Coc11p derivative could be anchored onto TiO, in the same manner than the Cocyacgp one
(Figure II1.12).
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Figure I11.12. Preparation of the TiO,-Cocqp electrodes (singly screen-printed substrate).
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A wave at —0.38 V vs NHE is seen on the CV of the TiO,-Coci1p electrode recorded in NaCl
0.1 M aqueous electrolyte (Figure III.13, left). The shape of the wave is similar to the one
observed at the TiO,-Coci1zcsp electrode, with a sharp reductive peak and a broad reoxidation one.
The linear dependence of peak currents as a function of the scan rate (Figure I11.13, left, inset) is
indicative of an event which is not controlled by diffusion. Thus, we ascribed this wave to the
Co™ couple of Cocyip moieties immobilized on the surface of TiO,.

A small ill-defined wave is also present at ca 0.25 V vs NHE. This event is in a region where
the conduction through TiO, is forbidden. Hence, this wave can possibly be assigned to Cociip
derivatives directly attached at the FTO surface. The low resolution and the potential of the wave

suggest that this signature is that of the Co™"!

couple.

The signature of the Cociip complex is also observed when CV is recorded in organic
electrolyte (Figure II1.13, right). The reduction wave is still peak-shaped, whereas the oxidation
process almost splits into two distinct waves (ca —1.17 and —0.96 V vs Fc™). The reason for this
split is not fully understood but we tentatively propose that it arises from different conformations

of the molecule on the surface.
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Figure II1.13. CVs of a pristine TiO, (black lines) and a TiO,-Cocyip (blue lines) electrodes recorded
in (left) NaCl 0.1 M aqueous electrolyte at a scan rate of 10 mV-s ', with (inset) anodic (purple) and
cathodic (cyan) peak currents (dots) and associated linear fits (dotted lines) as a function of the scan rate
and (right) in nBu,;NBF, 0.1 M dist. MeCN electrolyte at a scan rate of 10 mV-s .

Providing a stable anchoring for the Cociip, the TiO,-Coci1p electrodes served as a starting
point for the construction of molecular photocathode architectures in which the Coci1p derivative
will be translated onto a different TCO. The electrode was analyzed by XPS to get additional
characterizations of the attached catalyst. Indeed, XPS usually probes the structure at the very

surface of the screened samples (ca 0-10 nm) and can detect over the ppm range.
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The XP survey spectrum of the TiO;-Cocyyp electrode is shown in Figure I11.14. The intense

couple of peaks at around 457 and 463 eV is attributed to the 2p core levels of Ti atoms and the

sharp peak at around 529 eV is assigned to the /s core level of O atoms. These signatures account

in majority for the TiO, supporting matrix.
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Figure I11.14. XP survey spectra of the TiOQ,-Cocyp electrode.
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Among others, less prominent peaks are found on the spectra and attributed to the P 2p, C Is,

N /s and Co 2p levels. To get more precise information on the signature of the attached Cociip

compound, XPS analyses were performed at the Co 2p3,,, N Is and P 2p levels (Figure II1.15).

The Co 2p;,; levels (Figure II1.15, left) displays a major contribution at 781.1 eV, that is in

good agreement with the reported signature of Co™ in the [Co(DO)(DOH)pnL;] coordination

sphere.'™ ' The contributions at higher energies (at ca 782.4, 785.1, 788.1 eV) possibly indicate

the presence of the Co' complex'® or an alternative coordination sphere by substitution of the

ancillary Br ligands.
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Figure II1.15. XPS analyses of a TiO,-Coci1p electrode at the Co 2p;, (left), N /s (middle) and P 2p
(right) core levels. Black lines: baseline corrected spectra; blue, cyan, olive and green lines: fitted
deconvolutions; gray lines: residual backgrounds.
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The N Is peak (Figure IIL.15, middle) can be deconvoluted into three main contributions, at
399.2, 400.0 and 401.1 eV. The peaks of similar area at 400.0, respectively 401.1 eV, can
tentatively be attributed to the two imino, respectively two oximato, nitrogen atoms in the
[COIH(DO)(DOH)anz] coordination sphere.18 The third peak at 399.2 eV is likely the signal of
the N atoms at the triazole ring. These interpretations are also in good agreement with the relative
areas of the peaks expected at a 3:2:2 ratio and found around a 2.6:2:2 ratio (399.2, 400.0 and
401.1 eV).

At the P 2p core levels (Figure III.15, right), the deconvolution shows two peaks centered at
132.7 and 133.6 eV. The area ratio of 2:1 (132.7, 133.6 e¢V) and the splitting energy of 0.9 eV
both evidence that these contributions relate to the 2ps;, and 2py; levels at a single P environment.

The comparison of the areas of the peaks at these three core levels yields an atomic ratio for P,
Co and N of 1:1.5:7.1. Although a fair estimation at this accuracy is subject to caution, this value
is in good line with the atomic formula of the Cocyip derivative, for which a theoretical ratio of
1:1:7 is expected.

Overall, the electrochemical and XPS data evidences that the Coci1p complex is present onto
Ti0,, with the molecular structure likely retained upon grafting. While we could characterize the
Cociip derivative attached at the surface of TiO,, a n-type TCO, our point was now to translate
our investigations at the surface of a p-type TCO. As such, we investigated the grafting of Cocyip

onto nickel oxide electrodes.
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3. Immobilization of a cobalt diimine-dioxime
phosphonic acid derivative onto nickel oxide

Acid phosphonic grafting moieties have been rarely utilized for the construction of molecular-
based photocathodes onto NiO. Particularly, these anchors were assessed for the attachment of
Ru(bpy);-based dyes applied in the frame of p-DSSCs."” The NiO surface coverage with the
phosphonic acid grafting groups is found comparable to that observed with carboxylic acid
anchors classically used in such architectures, although their binding constant is an order of
magnitude down.'” A very recent work by Sun and co-workers interestingly includes a
phosphonate linker to attach a cobaloxime derivative at the surface of NiO.” This work was more
broadly highlighted in the introduction of this manuscript but the main relevant features are
recalled here. Under light irradiation, the DS photocathode obtained through co-grafting of an
organic PS with the cobaloxime onto NiO evolves hydrogen from fully aqueous neutral media.
This electrode constitutes the best performing one among the very few reported examples of H,-
evolving molecular DS photocathodes. Although some characterizations are provided in this
work, there is to date no comprehensive description of a supported HER catalyst at the surface of
nickel oxide. In this part, we aim at providing more detailed characterization of the

[Co™(DO)(DOH)pnBr;] derivative Cocyyp attached onto NiO.

3.1. The nickel oxide substrate

The NiO substrate used in the present work has been included in a benchmarking study. In this
study, different NiO preparations were assessed regarding various structural and functional
specifications. We took part to the workshop organized under the COST PERSPECT-HO
umbrella and hosted at the University of Nottingham in the group of E. Gibson, for the purpose of
this benchmarking. We present here characterization of the NiO electrodes utilized throughout our
studies. Additional data will be commented in Chapter IV, but for more detailed information the
reader is referred to the article recently published on this study, added as an appendix of this

manuscript (Paper IV).

3.1.1. Preparation

The NiO electrodes used in this work were purchased from a Swedish company, Dyenamo. The
electrodes are prepared in the Dyenamo laboratory by screen-printing of a paste containing pre-

formed NiO nanoparticles onto FTO-coated glass. Different widths of the NiO layer might be
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obtained by repeating the screen-printing process. We use doubly printed substrates in this
section. The as-printed NiO plates are further sintered in our laboratory at 450°C.
3.1.2. Structural characterization

SEM measurements of the sintered NiO electrodes (Figure II1.16) show a nanostructured film.

The width of the doubly printed mesoporous layer is around 1.7-1.8 um.

Figure II1.16. SEM photographs at the edge (left) and zoomed at the edge (right) of a doubly screen-
printed Glass/FTO/mesoNiO electrode purchased from Dyenamo and sintered at 450°C.

This value falls in the range of the optimal film thickness reported for NiO p-photoelectrodes
(ca 2 um).*' The film is composed of a compact layer of interconnected crystallites. The X-ray
diffraction (XRD) analysis of the material permits to estimate through the Scherrer equation a
mean crystallite size about 15.4 nm. Brunauer-Emmett-Teller (BET) isotherm measurements by
Kr adsorption give a film porosity around 71 m*g . This value is comparatively high for a

2la

nanostructured NiO film”* and might provide a large surface loading.
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Figure II1.17. XPS analysis of a doubly screen-printed Glass/FTO/mesoNiO electrode purchased from
Dyenamo and sintered at 450°C. Green dots: Ni levels; purple dots: O levels; gray dot: C Is core level.
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The XP survey spectrum of the electrode is shown in Figure II1.17. The core levels of Ni and
of O represent the majority of the features displayed on the spectrum. A peak at 285 eV matches
the Is core level of carbon. The presence of carbon is either adventitious (from an external

contaminant) and/or residual from the preparation of NiO.

3.2. A phosphonate-linked cobalt diimine-dioxime
complex at the surface of NiO

Inspired by the immobilization of Cocy1p onto TiO,, we sought for attachment of the derivative
onto NiO. A similar procedure is followed as for the grafting of the derivative onto TiO,, the
electrodes being dipped in a Cocyip 0.5 mM methanolic solution (Figure I11.18) just after sintering
at 450°C, while still hot (ca 90°C). The NiO plates sensitized on longer times than TiO;, ones
(typically 66 h).

P N|N—O
-—0|| \< /t""' SH
\N v —a
v /tN~‘,N N|NO
© N|N—O

_'U
O

Co, |
c11p 1, l|=|' /t DU
() N\N N’ | ‘N O/
MeOH, R.T., 66h

e

e || /t'u #NTON

o N' \N_O

FTO NiO NiO-Cocy4p

Figure II1.18 Preparation of the NiO-Cocp electrodes.
3.2.1. Electrode characterization

The hybrid NiO-Cociip electrodes were analyzed by XPS, surface mass spectroscopy,

electrochemistry and UV-visible spectroelectrochemistry.

3.2.1.1. XPS analysis
The XP survey analysis of the decorated electrode (Figure II1.19, top left) displays the features
characteristic of the NiO substrate, as observed for the pristine one. In addition, the comparison
with the signature of TiQ,-Coc11p electrodes permits to the identification of peaks attributed to

the [COIH(DO)(DOH)pnBrz] derivative grafted onto the surface.
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Figure II1.19. XPS analysis of a NiO-Cocyp electrode at the survey mode (top left), the Co 2p core
levels (top right) and the baseline corrected Co 2p (bottom left), N /s (bottom middle) and P 2p (bottom
right) core levels. Green dots: Ni levels; purple dots: O levels; gray dot: C Is core level. Black lines:
baseline corrected spectra; blue, cyan, olive and green lines: fitted deconvolutions; gray lines: residual
backgrounds.

Especially, in the region of the Co 2p core levels, two peaks are observed (Figure I11.19, top
right). These peaks are located on the top of a broad and intense signal at 765-790 eV (Figure
I11.19, top left) already present on the pristine NiO spectrum (Figure I11.17) and likely assigned to
a Auger line of Ni.”* A polynomial background was used to tentatively subtract the contribution of
the Ni Auger line from the signatures observed in the Co 2p region. This treatment results in two
peaks with a better defined shape (Figure III.19, bottom left), centered at 780.8 and 795.6 eV and
separated by 14.8 eV of spin-orbit split. The signature is thus attributed to the Co 2p3, and Co
2piz core levels, respectively, of the [Com(DO)(DOH)pnBrz] derivatized complex. These
features are in good agreement with the ones observed for the Co 2p levels on both the TiO,-

Cociip (Figure 11115, left) and the GDL/MWCNT-Co electrodes.
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A signal at 400 eV on the survey spectrum (Figure II1.19, top left) is a clear indication of the
presence of nitrogen at the surface of the grafted sample. The peak recorded at the N /s level
(Figure II1.19, bottom middle) can be expressed in a set of three contributions at 399.4, 400.3 and
401.4 eV. Such contributions are very similar to the ones found at the TiO,-Cociip electrodes
(Figure II1.15, middle). This peak is also attributed to the three sets of chemically inequivalent N
atoms in Cociip.

The signal ascribed to the P 2p levels barely builds up from the survey spectrum (Figure I11.19,
top left). The low response is likely due to its low molecularity in the compound. But repeated
scans in the P 2p region evidence a peak centered at 131.8 eV (Figure III.19, bottom right). This
peak is assigned to the signature of phosphonate anchoring groups. The signal observed on NiO-
Cocirp is slightly shifted to lower binding energies compared to the one on TiOz-Cociip (131.8 vs
132.7 eV). The change in the surface (TiO; vs NiO) to which the phosphonate group is expected
to bind provides a possible explanation for this shift.

Overall, the XPS analysis is well correlated with a surface of NiO decorated with Cociip.

3.2.1.2. Surface mass spectroscopy

The NiO-Cocyip eclectrodes were further analyzed by ToF-SIMS, in the frame of a
collaboration with the team of D. Leonard at the Institut des Sciences Analytiques in Villeurbanne.
The ToF-SIMS technique permits the detection and analysis through mass spectroscopy of
molecular compounds attached to a surface, by ionization at the top of this surface (within few
tens of A). The detection takes the charge of molecular fragments into account and the analysis is
realized in m/z spectra. Noteworthy, this technique has been previously used to evidence the
covalent attachment of model acid phosphonic derivatives at TiO;-like surfaces, based on
fragmentations at the binding phosphonate groups.*

For the NiO-Cocip electrode, the spectrum obtained in the positive mode is shown in Figure
II1.20. Different fragments are proposed for the interpretation that have been summarized in
Figure I11.21.

A first set of peaks is located around m/z = 650 (Figure I11.20, top). This set can be attributed
toa [Comcnp -PO:H, T" compound, which features an isotopic pattern with a major contribution
at 650.07 g'mol ' and secondary ones at 648.07 and 652.07 g-mol" (Figure II1.21, left track). By
the subsequent loss of a bromide joined with the reduction to the Co" state or with a
deprotonation, the two [Co"¢i1p — PO3H, 1" and [Co™¢1p — PO3H, — Br- — H']* intermediates
are formed, of exact masses 569.15 and 568.15 g-mol ', respectively. We note that the in-source

reduction of Co™ to Co" is often seen under positive MS conditions for the
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[Co™(DO)(DOH)pnL,]-like complexes. These masses correctly account for the peaks at m/z =
568 and 569 in the broad motif around m/z = 571 (Figure I11.20, middle).

Very interestingly, the peak at m/z = 627 (Figure IIL.20, top) can be ascribed to a
[Co"ci1p + Ni** — 2H* — 2Br " species having an exact mass of 627.13 g-mol ' (Figure II1.21, top
right). This fragment thus corresponds at Cociip moieties displaying a doubly unprotonated
phosphonate group that bind Ni" via two P-O-Ni ester bonds. Such covalent links likely provide a
stable attachment to the NiO surface.

The observation of these first fragments support that a part of the Coc11p moieties are strongly
anchored on the NiO surface through phosphonate binding.

Besides, the motif at m/z = 650 (Figure II1.20, top) also partially correlates with a [Co™ ¢11p —

Br1* compound that displays two major isotopes at 650.13 and 652.12 g'mol ' in similar
intensities (Figure II1.21, right track). This fragment can further lose a second Br ligand

i center to

accompanied either by the loss of a proton or, more likely, by the reduction of the Co
Co". This path leads to three possible fragments of formulae [Co"'¢c11p — 2Br  —H*T" or [Co" ¢11p —
2Br |* with respective exact masses of 570.20 and 571.21 g'mol ' (Figure II1.21, right track).
The signatures of such compounds are represented in the broad motif observed around m/z =571
(Figure II11.20, middle).

This second fragmentation pathway is likely indicative of Coc1ip molecules anchored to NiO
through H-bonding of phosphonic acid groups or possibly through physisorption.

The series of peaks observed on this spectrum cannot be completely described by a single
fragmentation pathway. This point thus suggests that several anchoring modes cohabitate at the
surface of NiO.

Of note, both fragmentation pathways described above further lead to the [Co" ¢11p — POsH; —
2Br — H*]* intermediate, the isotopic pattern of which (major isotope at 489.23 g-mol ', Figure
IT1.21, bottom) matches the peak observed at m/z = 489 (Figure I11.20, bottom). This intermediate
is additionally split in a series of compounds by the stepwise losses of CH, fragments (14.02

g-mol ™), well correlated with the sets of peaks in the —14 series (475/461/447/433/419/405,
Figure I11.21, bottom).
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Figure III1.21. Proposed fragments for the attribution of peaks on the ToF-SIMS positive mode analysis
at a NiQ-Cocqqp electrode. Figures indicate the exact mass of considered compounds; for the sake of clarity
the charges of the compounds have been omitted and, unless otherwise noted, are all equal to +1.

Consequently, this ToF-SIMS analysis evidences that the covalent grafting of Cocyip onto
NiO via ester phosphonate linkages is achieved for a part of the immobilized species. As well, the
observation of the complex retaining its molecular structure once grafted lead us to conclude that
the grafting procedure does not alter the nature of the catalyst. We then aimed at characterizing

the electrode from a more functional point of view.

3.2.1.3. Electrochemistry

The cyclic voltammetry recorded at a pristine NiO electrode and at a NiO-Cociip electrode is
shown in Figure I11.22, left. A broad wave at around 0.3 V vs NHE is observed for the pristine

i""" redox event likely coupled with the

electrode. This wave is attributed to a surface-confined Ni
exchange of a proton, as described in the introduction (see Chapter 1.2.2.2.1.2). This feature is
also present at the decorated electrode, but with a shape slightly modified possibly upon

immobilization of the catalyst at the surface.
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Figure II1.22. CVs recorded at a pristine NiO electrode (black line) and at a NiO-Cocqrp electrode
(blue line) (left) and successive scans in the cathodic region at a NiQ-Cocyp electrode (right) with a scan
rate of 100 mV-s ' in a NaCl 0.1 M aqueous electrolyte.

A reversible wave at —0.37 V vs NHE is observed on the NiO-Cocyp electrode. The potential
of the wave is in good agreement with the one observed on TiO,-Cocyip electrodes and this wave

/1
couple.

is tentatively attributed to the Co

However, the valence band of NiO is usually reported as being positive to NHE at neutral pH
(0.3-0.5 V vs NHE at pH 7), though the exact value is discussed.”* At the potential of the observed
wave, downward from NHE, the NiO layer is thus not expected to be conductive. The presence of
this redox event is hence questioning. To get stronger information on the event associated with
this wave, we submitted the electrode to further electrochemical analysis.

First, the electrode was scanned repeatedly around the potential of the considered wave (Figure
II1.22, right). No major modification of the wave is observed upon cycling. The stability of this
wave points to a surface-immobilized redox species. The cyclic voltammograms of the electrode
were also recorded at multiple scan rates (Figure II1.23, left) between 10 and 100 mV-s™'. The
intensity of the square cathodic peak is plotted as a function of the scan rate (Figure I11.23, right)
and the experimental data are well fitted with a linear function. This result supports an
electrochemical event that implies electron hopping throughout Co centers, associated with an
apparent diffusion coefficient of 4.4 10~* cm?® s . For further information on that point, the reader
is referred to the Addendum to Chapter I11.3.2.1 given as an appendix of this manuscript.

Collectively, these points all suggest that the electrochemical signature is likely the one of the

Co™ couple of Cocyyp grafted onto the NiO electrode.
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Figure II1.23. CVs recorded at a NiO-Cocyyp electrode in a NaCl 0.1 M aqueous electrolyte, with scan
rates of 10 (navy line), 25 (blue line), 50 (cyan line) and 100 (purple line) mV-s™ (left) and the
corresponding plot of square baseline-corrected peak current as a function of the scan rate (dots) with
associated linear fit (dashed lines) (right).

3.2.14. Spectroelectrochemistry
The Co' state of [CoI(DO)(DOH)pn] 1s known to display a characteristic UV-visible signature,
with a broad, bicephalous, signal between 500 and 800 nm,* as described in the introduction (see
Chapter 1.1.3.4). This signature can be utilized to get additional evidence of the putative Co""
redox event through UV-visible spectroelectrochemistry. UV-visible spectra were recorded at the
NiO-Cocqp electrode poised first at a potential more anodic (—0.24 V vs NHE) and then at a

1

potential more cathodic (—0.84 V vs NHE) compared to the wave ascribed to the Co ™ couple, as

shown in Figure II1.24.
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Figure I11.24. UV-visible spectra of a NiO-Cocqyp electrode (blue lines) and of a pristine NiO electrode
(gray lines) poised at —0.24 V vs NHE (dotted lines) then at —0.84 V vs NHE (plain lines) in a NaCl 0.1 M

aqueous electrolyte.
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A marked change is observed upon cathodic equilibration of the NiO-Cocjp electrode. A large
band featuring two maxima (ca 573 and 708 nm) appears when the electrode is equilibrated at

I'wave. Of note, no similar signature is found with the

potentials downward from the assumed Co
blank electrode, although NiO is slightly electrochromic in the potential window considered. This
observation thus relates the specific spectroscopic signal to the presence of Cocip at the surface

of the electrode.
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Figure III.25. Differential UV-visible spectra of a NiO-Cocqip electrode poised in a NaCl 0.1 M
aqueous electrolyte at —0.44 (magenta line), —0.54 (pink line), —0.64 (red line), —0.74 (violet line), —0.84
(blue line), —0.94 (purple line) and —1.04 (navy line) V vs NHE, with subtraction of the spectrum of the
same electrode poised at —0.34 V vs NHE under identical conditions (left); corresponding current densities
(blue line, left scale) at the different potentials (gray line, right scale) applied to the NiOQ-Cocqyp electrode
in a NaCl 0.1M aqueous electrolyte during the acquisition of the UV-visible spectra shown on the graph on
left (right).

More, if potentials are cathodically swept along the wave, the growth of the visible signature
between 500 and 800 nm is clearly monitored on the difference spectra depicted in Figure II1.25,
left. The signal of the reduced electrode shows two merged bands with maxima at 592 nm and 687
nm. The maxima are slightly shifted compared to the raw UV spectra (Figure 111.24), likely
because the spectrum of the non-reduced electrode has been subtracted. Overall, this signature is
in very good agreement with the one of the [Co'(DO)(DOH)pn] complex.* The establishment of
such signal upon cathodization is imparted to the pool of supported Cociip complex which is
stepwise reduced from the Co" state to the Co' state. We therefore attribute the wave monitored at
—0.37 Vvs NHE at the NiO-Cocip electrode to the Co™' couple of the Cocip species
immobilized at the surface of NiO. The visible signature at the reduced electrode allowed us to

estimate the surface coverage in Cocyip around 4.5 nmol-cm 2. Further details about this estimate

are to be found in the Addendum to Chapter I11.3.2.1, appendix of this manuscript.
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Interestingly, we note that the background equilibrium current density increases as potential is
decreased (Figure III.25, right). This phenomenon can be indicative of a catalytic process
occurring at the electrode, possibly H, evolution. To gain more insight in this view, we performed

a series of electrocatalytic experiments with the NiOQ-Coc11p electrode.

3.2.2. Electrocatalytic behavior

The chronoamperometric analyses were performed in a two-compartment cell with a H, Clark
micro-sensor introduced in the electrolyte at the cathodic compartment for tracking any hydrogen
production by the immobilized cathode. This compartment was vigorously stirred to homogenize

the concentration of H, in solution and to facilitate its detection.

3.2.2.1. Activity in neutral media

The experiments were performed in the same guasi-neutral NaCl 0.1 M aqueous electrolyte
(pH ~ 6.4) and the electrode was poised at a potential of —0.55 V vs RHE (-0.93 V vs NHE),
downward from the Co"" wave. A cathodic current is observed, which undergoes an initial decay
to stabilize around —10 },LA'CI’IfZ after 100 s (Figure II11.26, left). The steady current density is
inferior under these conditions to the one expected from previous spectroelectrochemical
measurements (between —30 and —40 pA-cm” from Figure II1.25, right). After 5 min of
electrolysis ca 4.5 mC of charges are passed, which should yield about 23 nmol of H; if the
faradaic efficiency for HER is unity (Figure II1.26, right). However, the Clark sensor shows that

no hydrogen is produced during the chronoamperometric experiment (Figure I11.26, right).
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Figure II1.26. Current density (left), H, produced assuming a unity faradaic efficiency from charges
passed (plain line) and as observed with a H, Clark micro-sensor (dotted line) (right) during a 300 s
electrolysis at —0.55 V vs RHE of a NiO-Cocy;p electrode in a NaCl 0.1 M aqueous electrolyte.
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These observations indicate that the low current observed at such potential is not catalytic for
hydrogen production and is thus ascribed to a side-reduction. Such process might be a capacitive
charging of the electrode or the reduction of residual oxygen trapped in pores within the NiO film
and that was not removed even after the thorough degassing.

To foster hydrogen evolution catalysis by the hybrid electrode, the potential was poised at a
more negative value. At —0.75 V vs RHE (-1.13 V vs NHE), a cathodic current builds up, starting
from —250 pA-cm” and continuously increasing to reach —450 pA-cm” at the end of the
chronoamperometric measurement (Figure II1.27, left). During the same time, hydrogen is
produced in quantitative faradaic yields, as monitored by the Clark probe (Figure II1.27, right).
However, the current densities, charges passed and hydrogen production are nearly identical to
that observed at a control pristine NiO electrode (Figure I11.27).
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Figure I11.27. Current densities (left), H, produced assuming a unity faradaic efficiency from charges
passed (plain lines) and as observed with a H, Clark micro-sensor (dotted lines) (right) during a 600 s
electrolysis at —0.75 V vs RHE of a pristine NiO (black lines) and of a NiO-Cocyp (blue lines) electrodes
in a NaCl 0.1 M aqueous electrolyte.

This observation shows that the NiO substrate has an intrinsic activity for the electroreduction
of proton. That result is in line with reports from the literature in which related Ni alloys surfaces
have been utilized as electrocatalysts for HER.?® Hence, the electrocatalysis of H, production
observed at the NiO-Cocp electrode is likely attributed to this intrinsic activity of the NiO
support at such a cathodic potential.*®

Yet, these experiments were conducted in a non-buffered aqueous media, in which the pH has
increased at the cathodic part after the electrolysis, as a result of the consumption of the protons

and the slow ionic exchange with the anodic part. To avoid such a pH shift and rule out

subsequent undesired effects, we performed the same set of electrolyses but in a TEOA 0.1 M
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aqueous buffer at pH 7 (not shown). Similar trends in the electrocatalytic behaviors of NiO-
Coci1p and pristine NiO were seen.

We could thus conclude that in neutral media the NiO-Cocip electrode does not catalyze
hydrogen evolution at moderate overpotential (—0.55 V vs RHE) where Co' is formed, while
catalysis is directly performed by the supporting NiO substrate at more negative potential (—0.75
V vs RHE). These conclusions are also in line with the poor activity for HER observed for the

supported complex at GDL/MWCNT-Co in aqueous buffer at pH 7.

3.2.2.2. Activity in mildly acidic media

By contrast, the immobilized catalyst has been shown to display improved performance for
proton reduction in an acetate 0.1 M aqueous buffer at pH 4.5."* We therefore shifted our
investigations to this electrolyte.

Under these conditions, the NiO-Cocyip set at —0.55 V vs RHE (—0.82 V vs NHE), develops a
cathodic current that first grows from —250 to —380 pA-cm ~ at 100 s and then decreases to reach
—200 pA-cm ™ after 10 min (Figure I11.28, left). Concomitant hydrogen evolution is observed in
good faradaic efficiency (ca 75 %, Figure I11.28, right). The current density at the control pristine
NiO electrode also grows in a first phase to reach —345 pA-cm* after 160 s, but undergoes a
much less marked decay giving a value of =300 pA-cm > at the end of the electrolysis (Figure

I11.28, left). Hydrogen is produced in similar faradaic yields (ca 68%, Figure I11.28, right).
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Figure II1.28. Current densities (left), H, produced assuming a unity faradaic efficiency from charges
passed (plain lines) and as observed with a H, Clark micro-sensor (dotted lines) (right) during a 600 s
electrolysis at —0.55 V vs RHE of a pristine NiO (black lines) and of a NiO-Cocyp (blue lines) electrodes
in an acetate 0.1 M aqueous buffer at pH 4.5.

The comparison of the activities for HER between NiO-Cociip and the blank NiO substrate
tends to demonstrate that the hydrogen evolution is mainly driven by the NiO surface in acetate

buffer at pH 4.5 as already observed in neutral media. This point is quite intriguing since the
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anchored [Co™(DO)(DOH)pnL,] catalyst is known to display high turnover at such a pH."
However, the grafted electrode features higher catalytic currents than the pristine one at the
beginning of the electrolysis (Figure II1.28, left). This improved activity is tentatively ascribed to
the electrode-bound Coci1p catalytic moieties. The important current decrease in the second phase
observed at NiOQ-Cocyip (Figure II1.28, left) then suggests a deactivation of the electrode. We
propose that this deactivation occurs through a leach off of the Cociyp derivatives from the
surface. The displacement of Coc1ip might originate from the competitive surface binding of the
electrolytic acetate ions and/or from the modification of the surface states due to the intrinsic
activity for HER of the NiO material (Figure I11.28, right).

To gain insight in that direction, we recorded the CV of a pristine NiO electrode after
chronoamperometric experiments in an acetate buffer at pH 4.5 (Figure I11.29, top). At negative
potentials, a broad event is displayed with a large reduction wave peaking at —-0.43 V vs RHE and
a large reoxidation one at —0.07 V vs RHE. Such event is likely the signature of a desorption-
adsorption phenomenon involving Ni at the +II to O states. This observation corroborates the

modification of the NiO surface upon electrolysis under cathodic conditions.
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Figure II1.29. CVs at a pristine NiO electrode after electrolyses in an acetate 0.1 M aqueous buffer at
pH 4.5 (gray line) and at a NiO-Cocyp electrode before (blue line) and after (red line) electrolyses in an
acetate 0.1 M aqueous buffer at pH 4.5, recorded in the same buffer at a scan rate of 100 mV-s™'.

At the NiO-Coc1p €lectrode, a small irreversible wave is observed around —0.20 V vs RHE
before performing the chronoamperometric measurements (Figure II1.29, bottom, blue line),
which is attributed to the catalysis of proton reduction by Cociip. This feature disappears after
reductive electrolyses in acetate buffer at pH 4.5, while at the same time the desorption-adsorption
event seen at the pristine electrode appears, although to a lesser extent (Figure I11.29, bottom, red
line). Overall, such observations point to a leach off of the Cocyip, very likely arising from a

modification of the surface states under reductive conditions at pH 4.5.
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Collectively, these studies show that grafting Cocyp at the NiO surface does not result in
improved electrocatalytic activity for hydrogen evolution. On the one hand, the catalyst is not
active enough in neutral media. On the other hand, the intrinsic activity of NiO at cathodic applied
potentials participates in the undesired peel off of the bound Coc11p species. For these reasons, we
focused our next investigations on photoelectrocatalysis that does not necessitate highly reductive

conditions, since the required energetic income will be provided by the light.

3.3. Discussion

From the XPS, ToF-SIMS and (spectro)electrochemical data, we could demonstrate that the
Cociip complex is immobilized at the surface of NiO. The exact binding mode is not yet fully
deciphered. However, the fragments observed in surface mass spectroscopy indicate that a pool of
molecules at the NiQ-Cocqp electrode are grafted through strong Ni-O-P links.

Importantly, the attachment is stable enough in neutral aqueous electrolyte to allow for
electrochemical investigations of the interface. The redox event observed at —0.37 V vs NHE on

the NiO-Coc11p electrode is indeed attributed to the Co™

wave of the immobilized complex, as
shown from the spectroelectrochemical experiments. This result suggests that, under the
conditions used (NaCl 0.1 M aqueous electrolyte, pH ~ 6.4), the NiO decorated electrode does
feature conductivity at this cathodic potential. Such an observation is questioning, since bulk NiO
is not conductive at the potential of this wave, located in the band-gap energies. Actually, the
insulating properties of NiO at negative potentials under similar aqueous conditions is well
supported by a recent work of Armstrong and co-workers. In that study, the authors adsorb a film
of CO dehydrogenase enzymes (CODH) at the top of NiO and pyrolytic graphite edge (PGE)

13d

electrodes. °" The decorated conductive PGE electrode reversibly catalyzes the interconversion of

CO; to CO at the thermodynamic equilibrium of the CO,/CO couple (Egg;fgo =-0.46 V vs NHE)

in an aqueous buffer at pH 6, which translates in a bidirectional catalytic current at that potential.
At contrast, such a catalytic current is not observed on the hybridized p-type NiO electrodes. The
authors conclude that the loss in activity on NiO arises from the p-type nature of this SC.

Several hypotheses might be drawn to explain the conductivity in the negative potential
window that is observed with the NiO-Cociyp electrodes. First, the attachment of Cocyyp directly
at the surface of the supporting FTO layer is possible. Since FTO is a guasi-metallic oxide, it
would allow accessing the cathodic potential necessary to reduce Co' to Co'. However, redox
centers deposited at the surface of the planar FTO substrate would represent a monolayer, or less.

The surface loading observed at the NiO-Cocyyp electrode is in the 10~ mol-cm ™ range, which
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means at least one order of magnitude higher than a monolayer (10'° mol-cm ™ range). We thus

postulate that the Co™

wave is not mainly associated with the redox behavior of Cociip
molecules attached at the FTO substrate, although this process might coexist to a certain extent.
This point further implies that the electron conductivity is occurring throughout the NiO
mesoporous structure.

A possible explanation is that electrons are conducted through the film by the Co centers
themselves, in a process called electron hopping.*’ This phenomenon implies that an electron is
transfered from the FTO back electrode and hops along redox active Co centers anchored to NiO.
Such behavior has been observed on n-type (TiO») or insulating (ZrO,, Al,O3) mesoporous films*®
or metal organic frameworks (MOFs)* deposited onto conductive glass and to which redox
probes are attached. To the best of our knowledge, this behavior has not been reported yet at the
surface of NiO. This process requires a dense packing of the electron hopping centers,”® which is
possibly accessed in the case of the NiO-Cociip electrode. The long alkyl arm of Cocyip might
allow the redox centers to move around. This additional degree of freedom could ease the electron
hopping process. We demonstrated here that this phenomenon, associated with an apparent
diffusion coefficient of 4.4 10 cm*s ™, is likely the one responsible for the electronic condutivity
at the surface of NiO-Cociip electrodes (see also Addendum to Chapter I11.3.2.1 in appendix for
more details).

At the opposite, because of their larger dynamic radius, the CODH enzymes adsorbed onto a
NiO film"® do not easily percolate to attach at the conductive glass supporting electrode. Thus,
the first electron transfer from the conducting support is not permitted. As well, a dense packing
of enzymes within the mesoporous film, permitting electronic communication between each other,
is likely not attained. For these reasons, the electron-hopping process can be ruled out at the
enzyme-decorated NiO electrode, accordingly reported inactive at cathodic potentials,'*® whereas
this process is possible for NiO-Cocqyp electrodes.

Although the hypothesis of electron-hopping would suit the observations, we also want to
suggest some pieces of thought about alternative interpretations. Indeed, the true nature of
effective charge transport mechanisms in NiO is not fully understood to date and is quite
discussed in the literature.* *°

It was also recently proposed that NiO displays a substantial density of trap states at the top of
the VB (until around —0.25 V vs NHE).SOb’ 3! Such states have been correlated with an important
current conduction in the cathodic region (to ca —0.65 V vs NHE) at NiO electrodes, but in non-

aqueous electrolyte with the I /I” redox shuttle.>®™ This point also tentatively provides an answer
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1

to our observations of the Co " process onto NiO electrodes, though the associated wave is

actually quite downward from the VB of NiO.

Alternatively, surface states have been proposed to play a role in the conduction of NiO.** *
Especially, hole hopping (under the form of polaron hopping)** could be partially responsible for
the conductivity. Such conductivity would occur through holes present as Ni'" species located at
the material/electrolyte interface.”” In our case, the attachment of a molecular compound by a
phosphonate anchor might affect such surfaces sites. In particular, Ni'" are possibly preferential
electrophilic sites for the condensation of phosphonic acids. Thus, grafting Cociip at the surface
of NiO could impede a partial filling of the surface hole-conducting states. This filling would
result in a positive shift (in energy) of the Fermi level, rendering the SC material more conductive
at higher energies i.e. at cathodic potentials.

Such interpretations are given here more about raising additional tracks for understanding than
a strict correlation of data. It stays however true that the conductivity of NiO is not well
understood. Namely, electrochemical investigations of surface anchored species on NiO are
clearly lacking. This point is even sharper given that electrochemical studies at the surface of NiO
are usually conducted in organic media or at anodic potentials.

At contrast, our investigations have been conducted both in the cathodic window and in
aqueous media. These conditions add the pH of the solution as an important parameter. First, as it
was concluded from the electrocatalytic experiments conducted at NiO-Coci1p, varying the pH
can affect the binding of molecules at the surface. Such feature is quite noticeable since the
anchoring groups commonly used to attach molecules onto NiO are usually acido-basic moieties
(as carboxylic or phosphonic acids). Besides, the pH, which can be seen as a specific ionic
strength in aqueous electrolytes, participates in the band bending phenomenon at the
NiO/electrolyte interface. Whereas this phenomenon 1is usually negligible with other
nanoparticulate TCOs, such as TiO,, the bending of the valence band has been observed to impact
the charge transfer at NiO electrodes in contact with either aqueous or organic electrolytes.** **

Overall, this piece of work presents the first insights regarding the electrochemical signature in
the negative potentials window of a HER catalyst immobilized onto p-type NiO. Further studies
giving an improved understanding of the conduction of NiO in the cathodic region, in particular in
the case of aqueous electrolytes, would be much valuable for shedding more light on the results

obtained here.
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Conclusion

The investigations we have performed at the surface of different TCOs lead us to harness the
immobilization of the Cociip phosphonate derivative of [COHI(DO)(DOH)pnBl‘z] onto NiO
electrodes. The Cocip was shown to attach in a covalent way at the NiO surface, likely through
several binding modes. The attachment of the molecular complex was evidenced by
electrochemical investigations, conducted in gquasi-neutral aqueous media. The NiO-Cociip

electrode displays a redox wave at —0.37 V vs NHE assigned to the Co™

couple. The reasons for
the observation of such a cathodic event onto p-type NiO are not fully understood. Yet, we could
clearly demonstrate by spectroelectrochemical means that the species observed downward from
this wave is actually the complex at the Co' state. In acidic media, HER catalysis is expected to

T wave. Thus, reaching the Co' state at

occur at potentials slightly anodically shifted from this Co
the surface of the NiO-Cocip electrode is encouraging for possible use of this electrode in the
catalysis of proton reduction. However, the hybrid electrode was demonstrated to suffer from
instability under the reductive conditions used for electrocatalyzing hydrogen evolution in mildly
acidic aqueous media.

As a consequence, we will now seek to co-graft a PS onto NiO electrodes decorated with

Cociip so as to construct DS photocathodes that could turn over for hydrogen evolution at

innocent potentials.
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Experimental part

Reagents and materials

Solvents, starting materials and supporting electrolyte salts were purchased from Sigma-
Aldrich and used without further purification, unless otherwise stated. (DOH)pnN3 and
CsCOOH were commercially synthetized by Oribase Pharma according to procedures from the
literature.'® PgCoCC and PgC1,NH, were purchased from Sikemia. [Co(DO)(DOH)pnN;]Cl,
was obtained following reported procedures.'® Dry dichloromethane and dry acetonitrile were
obtained by distillation on CaH, and kept under Ar. Fresh MeCN was directly loaded onto
activated 3 A molecular sieve to get quasi-dry MeCN, kept under Ar. Unless otherwise noted, all

reactions in solution were performed at room temperature under atmospheric conditions

Synthesis

Characterization

NMR spectra were recorded at 298 K in 5 mm o.d. tubes on a Bruker 300 spectrometer
equipped with a QNP probehead operating at 300.0 MHz for 'H, 75.5 MHz for °C and 121.5
MHz for *'P. Chemical shifts reported in ppm are given relative to TMS. 'H and "*C NMR spectra
were referenced internally to the residual solvent resonance. >'P NMR spectra were calibrated
against an internal H;PO4 85% tip or an external 85% H;PO, reference.

Mass spectra were acquired on a Thermo Scientific LXQ mass spectrometer equipped with an
electrospray source, at the Service de Chimie Inorganique et Bioinorganique of the CEA-
Grenoble/CNRS (Grenoble, FRANCE).

High resolution mass spectra were recorded at the Institut de Chimie Organique et Analytique
of the Université d’Orléans/CNRS (Orléans, FRANCE).

Elemental analyses were performed at the Plateforme d’Analyses pour la Chimie of the

Université de Strasbourg/CNRS (Strasbourg, FRANCE).

Procedures

Carboxylic acid derivative: Cocoon

Complex [Co(DO)(DOH)pnN;3]Cl; (163 mg, 0.40 mmol, 1 equiv.) and CsCOOH (72 mg,
0.40 mmol, 1 equiv.) were dissolved in 9 mL MeCN. The mixture was stirred for 60 h, yielding a

pale green precipitate. The reaction mixture was evaporated to dryness, dissolved in CHCI; and

179



Chapter I11

filtered. The filtered solid was kept apart. The filtrate was evaporated, then dissolved in acetone
and evaporated. The solid was taken again in a minimal portion of CHCl; and filtered. The filtered
solid was joined with the first fraction to give 55 mg (0.093 mmol, 24 %) of the expected complex

Cocoon.

CocooH

"H NMR (DMSO-dg, 300 MHz): & (ppm) 19.26 (s, 1H, H,), 12.59 (broad s, 1H, H,), 5.34 (m,
1H, H)), 4.97 (m, 1H, Hy), 4.59-4.39 (m, 4H, Hy ), 4.01 (m, 2H, He,), 3.02-2.86 (m, 1H, Hy),
2.76-2.59 (m, 7H, Hoo + Hy), 2.53 (s, 6H, Hy), 2.13-1.99 (m, 1H, H,), 1.94-1.75 (m, 2H, H, +
Hy), 1.72-1.43 (m, 4H, Hy + Hep + Hy) 1.30-1.09 (m, 1H, Hy).

C NMR (DMSO-ds, 75 MHz): & (ppm) 176.6 (Copwipp)s 171.4 (Cy), 155.6 (Copipp), 155.5
(Comipp)s 1424 (C)), 134.4 (Cy), 73.3 (Ca), 64.9 (Co), 54.5(Conm)s 54.3 (Con), 53.5 (C)), 34.2
(Co), 25.3 (Cy), 25.0 (Cy), 20.4 (Cp), 19.9 (Cy), 17.5 (Cor). 17.5 (Co), 13.0 (Cq)s 13.0 (Cy)-

MS (ESI+): m/z caled for CyH3,C1CoN;Os 556.1; found 556.1 [M—CI']".
MS (ESI-): m/z calcd for C,;H3,Cl,CoN70O5 590.1; found 589.8 [M—H+]7.
HR-MS (ESI+): m/z caled for C;1H3,CICoN;0O5 556.1480; found 556.1481 [M—Cl‘]+.

E.A.: calcd for C;H3,CICoN;Os + 0.25 CHCls: C, 41.02; H, 5.22; N, 15.76; found: C, 40.92;
H, 5.31; N, 15.88.

Phosphonic acid derivative: Cocyacsp

PgC12Cs
300 mg of CsCOOH (1.65 mmol, 1 equiv.) and 288 puL DIPEA (1.65 mmol, 1 equiv.) were
dissolved in 4 mL of Ar-degassed DMSO. The mixture was stirred for 5 min HATU (687 mg,
1.82 mmol, 1.1 equiv) was added to the mixture, which was further stirred for one hour. The
solution turned from yellow to redish orange. In a separate flask PgC12NH; (529 mg, 1.65 mmol,
1 equiv.) and DIPEA were introduced in 4 mL of Ar-purged DMSO. The mixture was stirred for

15 min and added to the previous reaction medium. This mixture was stirred for 4 hours under a
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small Ar overpressure. Then, the reaction mixture was diluted into 20 mL of distilled water. This
phase was extracted 3 times with 20 mL DCM. The resembled organic phases were washed by
three 20 mL portions of 0.1 M HCI aqueous solution, dried with NaCl-saturated aqueous solution,
then over MgSQO,, filtered and condensed as an yellowish oil further dried under vacuum. To
remove undesired traces of DMSO, the oil was diluted in 10 mL of distilled water. This phase was
extracted twice with 10 mL diethylether. The organic phase was washed with distilled water, dried
with NaCl sat., over MgSQO,, filtered and evaporated and dried under high vacuum to yield
PrC12Cs as a quasi-transparent oil (447 mg, 56 % yield).

g
¢ d
N M
b O N o
£ =
a/\o/ﬁ \‘(\
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Pg:C12Cg

'"H NMR (CD,Cl,, 300 MHz): & (ppm) 6.48 (m, 1H, Hy), 4.27-4.19 (m, 1H, Hy), 4.10-3.95 (m,
4H, Hy), 3.98-3.78 (m, 2H, H.), 3.27-3.18 (m, 2H, H.), 2.27-2.07 (m, 3H, H), 2.03-1.43 (m, 13H,
H.+H,), 1.40-1.25 (m, 22H, H, + Ho).

Residual DMSO at 2.75 ppm (ca 0.15 equiv.)

Cocscizpet

In an Ar-purged Schlenk, PgiC12Cs (425 mg, 0.88 mmol, 1.1 equiv.) was dissolved in 10 mL of
dist. MeCN. This solution was transferred to another Schlenk purged by three Ar/vacuum cycles
and in which [Co(DO)(DOH)pnN3Cl;] (329 mg, 0.80 mmol, 1 equiv.) had been loaded. The
Schlenk was sealed under Ar and the reaction media stirred for 4 days. The reaction mixture was
evaporated as a green powder and dried under vacuum. This crude was purified portion-wise (ca
100 mg) by elution with acetone/DCM 1:1 through a size exclusion chromatography on Sephadex
LH20 gel. The selected fractions gave the expected Cocscizpr: product (55 mg, 46 % partial
yield).
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'H NMR (CD,Cl,, 300 MHz): & (ppm) 19.28 (s, 1H, Hy), 6.48 (m, 1H, Hy), 5.98-5.67 (m, 1H,
Hy) 4.93-4.59 (m, 3H, Hi+Hy), 4.45-4.24 (m, 2H, Hy), 4.15-3.79 (m, 6H, H, + Hy), 3.33-3.22 (m,
1H, H,), 3.20-2.88 (m, 2H, H,), 2.84-2.68 (m, 1H, H,), 2.27-2.08 (m, 1H, H,), 2.07-1.93 (m, 1H,
Hy), 2.60 (s, 12H, Hy+Hy), 1.88-1.44 (m, 8H, H..H,), 1.45-1.15 (m, 24H, H, + H,).

3P NMR (CD,Cl, 121 MHz): & (ppm) 32.73

MS (ESI+): m/z caled for C34HgClICoNgO-P 859.4; found 859.3 [M—CI]".

Cocscizp

Cocscizert (55 mg, 0.06 mmol, 1 equiv.) was dissolved in 5 mL Ar-purged DCM. In a separate
flask, a solution of TMSBr (48 pL, 0.37 mmol, 6 equiv.) in 1.5 mL Ar-purged DCM was
prepared. This solution was added dropwise to the previous one. The reaction media was stirred
for 26 h, then the solvent was evaporated. The product was dissolved in 4 mL MeOH and the
media stirred for 7h. The reaction being incomplete, the solvent was evaporated and dried under
high vacuum to leave a solid. The solid was taken in DCM, the solution introduced in a Schlenk
and the solvent was evaporated under vacuum. The loaded Schlenk was purged by three
vacuum/Ar cycles, and the solid dissolved under Ar pressure in 4 mL dist. DCM. 48 uL. TMSBr
(0.37 mmol, 6 equiv) were then added dropwise and the mixture was reacted under Ar for 36 h.
The media was evaporated under vacuum, 4 mL MeOH were introduced and the mixture was
stirred for 4 h, then evaporated to yield a green solid. The solid was washed with DCM and dried
under vacuum to give the expected Cocscizp in mixture with undeprotected and mono-deprotected

analogues (19 mg, 40 % yield).
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'H NMR (CD;OD, 300 MHz): & (ppm) 6.13-5.85 (m, 1H, H,), 5.15-4.80 (m, 2H, H,) 4.70-
4.42 (m, 2H, Hy), 4.32-4.20 (m, 1H, He), 4.15-3.83 (m, 2H, Hy), 3.20-2.88 (m, 2H, Hy), 2.74-2.63
(m, 6H, H;), 2.62-2.53 (m, 6H, H)), 2.45-2.14 (m, 2H, Hy), 2.27-2.08 (m, 1H, Hy), 2.03-1.49 (m,
13H, He+ Hy) 1.47-1.16 (m, 14H, Hy).
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Presence of signals of Cocscizpgt.

3P NMR (CD;OD, 121 MHz): § (ppm) 33.59

MS (ESI+): m/z caled for C33HssBrCoNgO5P 847.3; found 847.2 [M—Br7]+.

Presence of signals of Cocscizpre and of the mono-deprotected version.

Phosphonic acid derivative: Cocyip

[Cu(DO)(DOH)pnN3]ClO,
To a solution of ligand (DOH),pnN3 (800 mg, 2.84 mmol, 1.5 equiv.) in tepid acetone (6 mL)
at 50°C was added dropwise a solution of Cu(ClOy),:6H,0 (702 mg, 1.90 mmol, 1 equiv.) in 4
mL acetone. The reaction mixture was stirred 5 min at room temperature and left to precipitate in
the fridge overnight. The precipitate was filtered and washed with 3 portions of 10 mL of cold
acetone and dried overnight in a dessicator. The red brownish powder obtained (466 mg, 55 %

yield) was used without further purification for the next step.
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[Cu(DO)(DOH)N3pn]CIO,

N—O/

2Ny S
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MS (ESI+): m/z caled for C;1HsCuN;O; 343.1; found 343.1 [M—ClO4f]+.

Cuciipg:

Complex [Cu(DO)(DOH)pnN;]ClO4 (70 mg, 0.24 mmol, 1.0 equiv.) and PgCoCC (108 mg,
0.24 mmol, 1.0 equiv.) were introduced in 6 mL of a methanol/water (2:1) mixture, without
complete dissolution of the starting materials. The mixture was flushed with Ar and sodium
ascorbate (43 mg, 0.22 mmol, 0.9 equiv.) and CuSO45H,0 (18 mg, 0.07 mmol, 0.3 equiv.) were
added. The mixture was stirred at room temperature for 2 days. The reaction mixture was
evaporated. The crude was purified on SiO, flash chromatography eluting with a gradient of
MeCN/aqueous KNOj; solution at 10% of the saturating concentration (39:1 to 8:2). The purified
fraction was dissolved in the minimum MeOH and precipitated with an aqueous KPF¢-saturated
solution to yield the Cuciipripre hexafluorophosphate salt of the expected product (86 mg, 48 %
yield).
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HR-MS (ESI+): m/z caled for Co6Hg7BrCuN;OsP 631.2667; found 631.2668 [M—PF |".

For further syntheses, the crude was alternatively used without purification under the form of

the Cuci1pre perchlorate salt.
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MS (ESI+): m/z caled for Co6H47CuN5OsP 631.3; found 631.3 [M—ClO47]+.

Cociipe:

To a solution of Cucyipre (218 mg, 0.29 mmol, 1 equiv.) in acetone (50 mL) were added 5
equiv. of CoCl-6H>0 (354 mg, 1.49 mmol, 5 equiv.). The mixture was stirred under vigorous air
bubbling at R.T. for 2 hours, stirred an additional 16 hours and again under air bubbling for 4
hours. The solvent was evaporated and the solid kept in the fridge overnight. The crude was
purified on SiO, flash chromatography and the elution gradient was MeCN/aqueous KNO;
solution at 10% of the saturating concentration from 1:0 to 8:2. The selected fraction was
evaporated. The solid obtained was dissolved in a minimal amount of MeOH and an aqueous
NaBr saturated solution was added until a green compound precipitated. The solvent was
evaporated to remove MeOH, the precipitate was filtered and washed by several fractions of
water. The green solid was dissolved in MeOH, the solution evaporated and the solid dried under

vacuum to yield the expected Coc1pr: compound (42 mg, 18% yield).
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"H NMR (CDCN, 300 MHz): & (ppm) 19.28 (s, 1H, H,), 7.85 (broad s, 1H, H,), 5.76-5.50 (m,
1H, H,), 4.67-4.31 (m, 4H, H,"), 4.10-3.84 (m, 4H, Hy), 2.79-2.62 (m, 2H, Hy), 2.59 (s, 6H, H,),
2.54 (s, 6H, Hy) 1.78-1.61 (m, 4H, H, + H;), 1.60-1.44 (m, 2H, Hy), 1.45-1.29 (m, 10H, H,), 1.26

(t, 6H,J=7.1 Hz, Hy).

13C NMR (CD;CN, 75 MHz): 8 (ppm) 177.9 (Cpp), 157.9 (Cp), 148.8 (C)), 122.4 (Cp), 62.1
(C). 62.0 (Cy), 58.6 (Cn), 31.2 (Ceq). 310 (Ceg, 302 (Ces), 30.0 (Ce), 29.8 (Ces), 29.8 (Co).
26.8 (Cej), 26.2 (C), 25.0 (Cey), 23.3 (Ces), 23.2 (Cey), 18.6 (Cy), 16.9 (Ca), 16.8 (Cy), 14.1 (C).

P NMR (CD;CN, 121 MHz): & (ppm) 33.30

MS (ESI+): m/z caled for CycHa7BrCoN;OsP 706.2; found 706.1 [M—Br’]+.
HR-MS (ESI+): m/z caled for CysH47BrCoN-OsP 706.1886; found 706.1887 [M—Br’]+.

Cociip

Cocripre (42 mg, 0.05 mmol, 1 equiv.) was dissolved in 5 mL of dist. DCM under inert
atmosphere. A solution of TMSBr (46 pL, 0.35 mmol, 6.5 equiv.) in 2 mL dist. DCM was added

dropwise. The mixture was stirred under Ar for 42 hours at R.T. The solvent was removed under

vacuum. 4 mL MeOH were added and the reaction was stirred for 3 hours at R.T. The solvent was

removed under vacuum to give the expected Cocyip as a green solid (37 mg, 94 % yield).
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"H NMR (CD;0D, 300 MHz): & (ppm) 8.54 (broad s, 1H, Hj), 5.94 (m, 1H, H,,), 4.78 (s, 2H,
H,), 4.76 (s, 2H, Hy), 2.86 (m, 2H, H;), 2.71 (s, 6H, Hy), 2.58 (s, 6H, H,), 1.83-1.52 (m, 6H, H;,
Hpyp), 1.50-1.31 (m, 10H, Hp).

H; observed in DSMO-dg at 6 = 19.27 ppm.

BC NMR (CD;0D, 75 MHz): § (ppm) 179.1 (Cosq), 158.3 (Corg), 126.6 (Cy), 61.5 (Cpn), 54.6
(Can), 31.7 (Cop), 31.5 (Con), 30.3 (Chn), 30.2 (Cp), 30.2 (Co), 30.1 (Cpon), 29.7(Cy), 25.0 (Cy),
23.8 (Cpon), 23.8 (Cpn), 18.3 (Cp), 13.8 (C).

P NMR (CD;OD, 121 MHz): & (ppm) 31.69

MS (ESI+): m/z caled for Co,H39BrCoN-OsP 650.1; found 650.3 [M—Br’]+.
MS (ESI-): m/z caled for CoH3sBroCoN;OsP 730.0; found 729.8 [M-H']".
HR-MS (ESI+): m/z caled for C2,H30BrCoN;0sP 650.1266; found 650.1260 [M—Br ]".

E.A.: caled for CyH39Br,CoN;OsP + 1.35 H,O + 1.05 NaBr: C, 30.60; H, 4.87; N, 11.35;
found: C, 30.74; H, 4.81; N, 11.20.

TCO sensitization

Materials

Ti0O, substrates were purchased from Solaronix, where they were prepared by screen-printing
of a paste of preformed TiO, nanoparticles onto FTO conducting glass. Singly and doubly screen-
printed electrodes were used.

NiO substrates were purchased from Dyenamo, where they were prepared by screen-printing of
a paste of preformed NiO nanoparticles onto FTO conducting glass. Doubly screen-printed
electrodes were used.

A Harry Gestigkeit flat furnace operated with a Detflef Gestigkeit-Programmer PR5 control

board was used to sinter the electrodes.

Procedures

Sequential functionalization

The FTO electrodes were washed with water and acetone, then dried. They were dipped in an

aqueous solution 1 mM in PCH,NH,; contained in PTFE boxes, which were closed to sensitize the
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electrodes for 24 h at R.T. on orbital stirring. The electrodes were rinsed with water and acetone
then dried at Ar. Some plates were kept apart for characterization after this first step. Then, under
a flow or Ar, the plates were introduced in PTFE boxes containing 10 mL of dist. DCM in which
is dissolved 10 pL of 2,6-lutidine. After 10 min, under a flow of Ar were dissolved 7.4 mg of
[Com(DO)(DOH)pnCsPhtClz] (10 pmol) to give a 1 mM solution. The boxes were sealed and
the electrodes bathed for 24 h at R.T. on orbital stirring. The electrodes were rinsed with DCM,

MeCN, water, acetone and dried under Ar.

Full entity functionalization

In a typical experiment, the FTO/TCO substrates were first cut at the desired dimensions and
then sintered under atmospheric conditions with the following temperature program: R.T. to
450°C (30 min), 30 min at 450°C. The substrates were cooled to ca 90°C and introduced in PTFE
boxes containing 10 mL of a methanolic solution 0.5 mM in the considered derivative (5 pmol).
Between 3 and 6 electrodes were introduced in the same box. The boxes were closed and the
electrodes sensitized for 24 h on orbital stirring. The electrodes were removed from the solution,
washed by dipping them in pristine methanol for 10 min on orbital stirring and dried with N, to

yield the decorated TCO electrodes.

Characterization of the TCO electrodes

SEM measurements

Scanning electron microscopy (SEM) images showing the morphologies at the edge of the
TCO electrodes were recorded with a field emission gun-scanning electron microscope (FEG-
SEM) Zeis-Leo 1530 (gun Briiker 127 eV) operating at 5 kV.

The measurements were performed at the Laboratoire d’Innovation pour les Technologies des

Energies Nouvelles et les Nanomatériaux at CEA-Grenoble (Grenoble, FRANCE).

XPS analysis

The analyses were performed with a VersaProbe II spectrometer from Physical Electronics
using a high-resolution monochromatic Al-K, line X-ray source at 1486.7 eV. A fixed analyzer
pass energy of 23 eV was used for core level scans leading to an overall energy resolution of 0.6
eV. Survey spectra were captured at pass energy of 117 eV. The photoelectron take-off angle was

45°, which provided an integrated sampling depth of approximately 5 nm. All spectra were
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referenced against an internal signature, typically by adjusting the C Is level peak at a binding
energy of 284.8 eV.
The measurements were performed at the Laboratoire d’Electronique et de Technologies de

I’Information at CEA-Grenoble (Grenoble, FRANCE).

ToF-SIMS analysis

Time of flight secondary ions mass spectroscopy (ToF-SIMS) were recorded on a Physical
Electronics TRIFT III ToF-SIMS instrument operated with a pulsed 22 keV Au’ ion gun (ion
current of 2 nA) rastered over a 300 um % 300 um area.

The measurements were performed at the Institut des Sciences Analytiques (Villeurbanne,

FRANCE).

Electrochemistry

Electrochemical data were acquired with a Biologic VSP 300 or a Princeton Applied Research
Ametek PARSTAT 4000 potentiostat. Electrochemical measurements were conducted in a 3-
electrode cell made of two compartments separated by a porous glass frit. The working and
reference electrodes were placed in the same compartment and the counter electrode in the other
one. The working electrodes were the decorated or pristine TCO electrodes. The electroactive area
was determined by applying a galvanoplastic tape at the top of the mesoporous TCO part. The
electrical contact was taken at the FTO part of the electrodes. The reference electrode was made
of a Ag/AgCl wire dipped into a KCI 3 M solution, separated from the supporting electrolyte by a
Vycor® frit, and denoted below as Ag/AgCl. The counter electrode was a titanium wire.

NaCl 0.1 M aqueous solutions (approx. pH 6.4) or 0.1 M nBusNBF, dist. MeCN solutions
were used as supporting electrolytes for the electrochemical characterization of the plates. The
supporting electrolytes were degassed with a flow of N, saturated with the corresponding solvent
at least for 5 min before the measurements. The N, flow was removed from the solution but left in
the headspace of the cell for the duration of the experiment. Cyclic voltammograms were typically
conducted at a scan rate of 10 mV-s™.

The potential of the reference electrode was calibrated before or after each experiment in an
external electrochemical setup, using a glassy carbon electrode (S = 0.196 cm?) and a platinum
wire as working and auxiliary electrodes, respectively. In the case of measurements performed in
aqueous electrolytes, the calibration was realized with [K4Fe(CN)¢] in a 0.1 M potassium
phosphate buffer at pH 7, by determination of the potential of the [Fe(CN)s]* /[Fe(CN)s]* couple,

denoted below as Er.uyren. The conversion of potentials against the Normal Hydrogen
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Electrode (NHE) and the Reversible Hydrogen Electrode (RHE) are thus obtained using the

following equations, respectively:

Eys nuE = Evsagjaget — Erearnrear) — Ere(iin /re(n vs NHE Eqn. III.1

Eys rug = Evs nug +0.059 - pH Eqn. I11.2

where Erenyren vs nue refers to the tabulated value of Ereyrer against the Normal Hydrogen
Electrode (under these conditions, EreqryrFe(in) vs Nue = —0.425 V).3 4

In the case of measurements performed in organic electrolytes, the calibration was made with
ferrocene (Fc) in a 0.1 M nBusNBF4; MeCN solution, by determination of the potential of the Fc'°
couple, denoted below as Er.yrco). Conversion of potentials against the Fc'° couple are thus

realized using the following equation:

E s reny/re0) = Evs ag/aget — Ercqny/Fe(o) Eqn. ITIL3

Spectroelectrochemistry

The measurements were performed ina I cm x 1 cm x 4 cm quartz cell as electrochemical cell,
placed in the beam of an Agilent Technologies Cary 60 UV-Vis spectrometer. The working
electrode was a pristine or a decorated NiO electrode and was set perpendicular to the analytic
beam. A Pt wire and a Ag/AgCl electrodes served as counter and reference electrodes,
respectively. The NaCl 0.1 M aqueous solution was degassed with Ar prior to the measurements
and a constant flow of Ar was let in the headspace of the cell during the acquisition.
Chronoamperometric measurements at different applied potentials were performed. UV-visible

spectra were acquired after 30 s of equilibration at the considered potential.

Electrocatalytic behavior

The electrocatalytic tests were performed in the two-compartment cell described above, with a
similar configuration of the electrodes.

The supporting electrolytes were degassed with a constant flux of N, monitored by a
Bronkhorst EL Flow Select mass flowmeter at least for 5 min before the measurements. The N,
flow was stopped and the cell closed just before the electrocatalytic measurements were started.
The electrolyte in the cathodic part was vigorously stirred during the chronoamperometric
experiments. The volumes of electrolyte in the cathodic and anodic parts were typically ca 16 mL

and 4 mL, respectively.
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The supporting electrolytes used were a NaCl 0.1 M aqueous solution at approx. pH 6.4, a
TEOA 0.1 M aqueous buffer adjusted at pH 7 by adding a HCl 2 M aqueous solution and a
CH;COOH/CH;COO™ 0.1 M aqueous buffer at pH 4.5.

Detection of dissolved hydrogen was performed through a Unisense H2-N in-needle Clark
micro-sensor dipped in the electrolyte of the cathodic compartement. The sensor was driven by a
2-channel Unisense micrometer monometer unit and poised at a voltage of 1000 mV. The probe
was calibrated prior to the electrocatalytic measurements by exposing it to saturating, half-

saturating and nil concentrations of H; in the buffer in which measurements were run.
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Chapter IV

Construction of molecular photocathodes for
hydrogen evolution

The final aim of this work is the construction of light-driven photocathodes for hydrogen
evolution. In the previous chapter, we showed that the [COHI(DO)(DOH)anz] derivative Cocyip
can be attached onto NiO, a p-type TCO. We now seek to introduce light-harvesting moieties
along with the catalyst.

We first briefly rationalize our choice of NiO substrate. This part is supported by some results
of a benchmarking study of different NiO preparations, conducted in collaboration with other
groups. Especially, we focused our interest on light-harvesting and photoelectrocatalytic
properties of the material.

Then, the construction DS photocathodes for hydrogen evolution by the co-grafting strategy is
developed. The materials used and the energetic considerations are presented. The construction of
the photocathodes is described in a second time, with following structural characterizations.
Photoelectrocatalytic experiments, joined with hydrogen detection, is finally shown.

Last, but not least, the building of a covalent dye-catalyst assembly for attachment onto surface
is depicted. The first synthetic issues are shortly summarized, followed by a successful synthetic

route. To end, some molecular characterizations are presented for the dye-catalyst dyad prepared.



Chapter IV

1. Preamble: from DSSCs to DS PECs

Half part of the job of a HER photocathode is light harvesting and charge separation. Thus, a
prior step was to identify good candidates in this regard. The NiO substrate plays a crucial role in
the performance of the photocathode. At the start of our studies on p-type SC-based
photocathodes we had two types of NiO electrodes at our disposal. One type was purchased from
the Dyenamo company, one was obtained from the Solaronix one. But the performance of these
NiO electrodes implemented in light-harvesting systems had not been assessed priorly.

Being part of a joint initiative in the frame of the Perspect H,O COST network, we included
these NiO substrates in a benchmarking study, led by the group of E. Gibson at the University of
Nottingham (now at Newcastle University). This collaborative study aims at comparing different
NiO preparations, with consideration of their performance for DSSC and DS PEC applications.
This work has been recently published and the advance article is provided as an appendix of this
manuscript (Paper IV).! The reader is invited to refer to this appendix in which more insightful
discussions can be found regarding the benchmarking study. We will only reproduce in this part
results related to the NiO substrates we had. Particularly, we will support our choice of the

substrate used along our studies based on the behavior in light-harvesting photoelectrodes.

1.1. N1O samples and DSSC assembly

The electrodes provided by Dyenamo were generally described in the previous chapter. Here,
we use singly or doubly screen-printed electrodes that are either sintered at 350°C or at 450°C.
Such temperatures for sintering NiO preparations dedicated to p-DSSCs are consistent with the
literature.” The electrodes from Solaronix are singly screen-printed and annealed at the same

temperatures. The preparations are summarized in Table IV.1.

Table I'V.1. Description of the NiO electrodes used.

Provider Screen-printed layers Sintering temperature (°C) Symbol
350 SL-350
Solaronix 1
450 SL-450
| 350 DL-350
450 DL-450
Dyenamo
5 350 D2L.-350
450 D2L.-450
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To assess their performance as p-type supports in light-harvesting electrodes, these NiO
substrates were implemented in inverse DSSCs. For this, NiO electrodes were sensitized with the
P1 organic dye3 by soaking into a 0.3 mM solution of the dye in MeCN for 12 hours. P1 is
actually a well-known organic photosensitizer, the integration of which gives top standard p-
DSSCs.* In a classical manner the I3 /I couple was used as a redox mediator. The cells are
mounted with a FTO conductive glass coated with Pt to act as the counter-electrode. The DSSCs
obtained are schematically depicted in Figure IV.1, with the associated energy levels of the dye

and redox shuttle.
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Figure IV.1. Schematic representation of the inverse DSSCs used in the study, with values of potentials
in acetonitrile for the HOMO and LUMO levels of P1° and for the I’ /I" couple.’

1.2. Assessment of the photoelectrodes

1.2.1. Metrics examined

The p-type DS photocathode in such a DSSC can be assessed in terms of light-harvesting
properties but also in regard to the flow or energy of the electrons it delivers. Here, we will mainly
focus on metrics for the LH/CS properties (IPCE and ACPE) and for the electron delivery (short-
circuit photocurrent density, Jsc).

We note that the open-circuit voltage of the DSSCs mainly depends on the difference in energy
between the valence band of NiO and the thermodynamic potential of the redox shuttle (I;/1).
The I;7/T" coupled used here is broadly used in n-type DSSCs but is not optimized for p-type
DSSCs since the relatively anodic potential of this couple actually limits the Vyc. An ideal redox
shuttle should have a potential just positive of the LUMO of the PS utilized. Also, in the targeted

H,-evolving DS photocathode application, the electron acceptor species is not a redox shuttle but
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the active state of the HER catalyst. For these reasons, we will not consider in this first approach

the energetic issue i.e. the Vo of the device.

1.2.2. Performances in DSSC

The performances of the DSSCs built with the different NiO preparations are summarized in
Table IV.2. P1 has an absorption maximum at 481 nm in solution (e(481 nm)=
57900 M "-cm—").> Upon grafting, a bathochromic shift is observed and the maximum is

displaced at around 500 nm. Thus, the absorbance, IPCE and APCE are given at 500 nm.

Table I'V.2. Performances of the DSSCs built with the different NiO preparations.

Preparation As00 nm (a.u.) IPCEsonm (%) | APCEsponm (%) | Jsc (mA-cm™?)
SL-350 2.89 33 33 1.57
SL-450 3.23 26 26 1.15
DL-350 1.78 31 31 1.65
DL-450 1.05 29 32 1.85

D2L-350 3.33 37 37 2.49
D2L-450 1.98 40 41 2.40

The absorbance at 500 nm is comparatively high for the Solaronix samples. This point is
explained by a quite high absorption of the NiO substrate itself, as exemplified in Figure V.2 for
the SL-450 sample. Moreover, this high absorption does not secure improved IPCEsoonm,
APCEsgonm or photocurrent densities (Table IV.2).
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Figure IV.2. UV-visible absorbance spectra of the blank SL-450 (green line), DL-450 (purple line),

D2L-350 (blue line) and D2L-450 (red line) samples, after subtraction of the signature of the
corresponding supporting glass/FTO substrates.
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These low performances are likely a consequence of the absorbance of the sensitized
electrodes, which is not specific to the attached PS but mainly arises from the NiO substrate.
Hence, the electrodes prepared by Solaronix will not be utilized for the construction of DS
photocathodes in the current manuscript, although they represented interesting substrates for other
works.

By contrast, NiO electrodes from Dyenamo display much lower intrinsic absorptions (Figure
IV.2). As expected, the thicker films (2 layers) have background absorptions ca twice as the
thinner ones (1 layer). This behavior is exemplified with DL-450 and D2L.-450 substrates in
Figure IV.2. A higher thickness of the film also translates in a higher absorbance of the P1-
sensistized electrode at 500 nm (Table IV.2). This observation indicates that the loading of the
dye is larger on doubly screen-printed samples, also in an approximate 2-fold increase. With the
Dyenamo samples, thicker films yield improved IPCEsoonm, APCEsoonm and Jse values. This trend
evidences that the LH/CS processes are enhanced with increased grafting densities of the dye.
Such result demonstrates that these processes can mostly be attributed here to light absorption by
the immobilized PS and not by the supporting NiO. Knowing that, we decided to select the doubly
screen-printed Dyenamo NiO electrodes to conduct our studies on the construction of DS
photocathodes. Given the very close performances between the substrates sintered at 350 °C and
at 450°C (D2L-350, D21.-450, respectively; Table IV.2), we intentionally chose to work on the
one sintered at 450°C, since its background absorbance is less marked over the UV-visible range
(Figure IV.2). The spectra of the P1-sensitized D2L.-450 plate are depicted in Figure IV.3 with or
without subtraction of the NiO background. The NiO background-subtracted spectrum evidences

a clear feature, with a peak centered at 494 nm attributed to the attached P1 dye.
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Figure IV.3. UV-visible absorbance spectra of the P1-sensitized D2L-450 electrode, after subtraction
of the signature of the supporting glass/FTO substrate (red line) and after subtraction of the signature of the
D2L.-450 blank electrode (wine line).
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Hence, we conclude that the D2L.-450 substrate can achieve substantial grafting densities of
dye and/or catalyst on the surface, while correct UV-visible characterizations of the grafted
species are enabled by the limited NiO background signature. These properties of the D2L.-450
substrate were already harnessed to characterize the Co' state of the NiO-anchored Cociip 1n the
Chapter II1.

Overall, we believe that such a NiO preparation actually represents a fair compromise between
important surface loadings, limited background absorbance and, hopefully, good performances of

the photoelectrodes.

1.2.3. Photoelectrochemical experiment

To further assess the possibility to use the D2L-450 NiO electrode for HER
photoelectrocatalysis, a model experiment was conducted in water. This model experiment
follows a procedure set by Sun and co-workers to prepare a P1-sensitized NiO electrode loaded
with the [Co(dmgBF;),(H,0),] HEC.® As described in the introduction (Chapter 1.2.2.3.1), this
photocathode was shown to evolve hydrogen from a neutral aqueous media, although it
experiences short-term stability.

Our photocathode was constructed in a similar manner. A solution of the
[Co(dmgBF;),(H,0);] complex in acetonitrile (2 mM, 100 pL) was drop-cast onto the P1-
sensitized D2L-450 NiO electrode, which was further dried in air. The corresponding energy
diagram is presented in Figure IV.4. In this configuration, the energy of the P1 LUMO level is
high enough to enable reduction of the catalyst from the Co" to the Co' state (E col/1 =—0.46 'V vs
NHE at pH 7)° and further from the subsequent Co'-hydride intermediate to the active Co'-

hydride species."
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Figure IV 4. Schematic energy diagram of the NiO-P1I[Co(dmgBF,),(H,0),] photocathode. The aquo
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ligands of [Co(dmgBF,),(H,0),] have been omitted for the sake of clarity. Potentials are considered
versus NHE at pH 7.
To run the photoelectrocatalytic assays, the photocathode was poised at —0.09 V vs NHE.

Under the neutral aqueous conditions used (KPi 50 mM; pH 7), this potential is positive compared

to the thermodynamic equilibrium of proton interconversion (E Ig’ffgfzo =-0.41 V vs NHE at pH

7). The chronoamperometry at the photocathode is shown in Figure IV.5. At the start of the
experiment, an intense transient reduction current is observed in the dark, which quickly decays to
almost 0. Then, when light is shined on the electrode, a photocurrent establishes, which also
undergoes a transient decay before the light is shut down and the current density comes back to
background values. These transient behaviors might be attributed to a capacitive phenomenon
occurring at the electrode or to the reduction of residual traces of O, trapped within the NiO film.

During next light irradiation periods, the photocurrent density is found around
—5 to —10 pA-cm—2, whereas the dark current density is about —2 to —3 pA-cm . These values of
photocurrent compare well with the one observed by Sun and co-workers.® Although it
experiences an overall decay, the photocurrent is retained over the whole measurement time. For
practical reasons, hydrogen detection could not be performed at the time of the workshop. Still,
we note that the charge passed during the total 700 s of irradiation is —9.4 mC, which corresponds
to a theoretical amount of 49 nmol of H, produced.
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Figure IV.5. Chronoamperometric measurement at the NiQ-P1I[Co(dmgBF,),(H,0),] electrode poised
at —0.09 V vs NHE in a 50 mM potassium phosphate aqueous buffer at pH 7 under chopped light
irradiation (1000 Im).

Anyway, the photocurrent proves that a light-driven electron transfer from the electrode to the
solution takes place, possibly achieving hydrogen evolution. The photocathode based on the

D21.-450 NiO preparation is shown here to operate in aqueous media. This observation points out

that this type of NiO electrode is a candidate suitable for the construction of DS photocathodes for
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hydrogen evolution. Also of note, the NiO-P1I[Co(dmgBF>),(H,0);] photocathode used in this
study 1s a non-optimized architecture since the catalyst is adsorbed on the electrode, thus not
firmly attached to it. Such a weak immobilization was actually raised as the source of the limited
stability over time of this architecture.® These points encouraged us to construct DS photocathodes

relying on covalently bound dye and catalyst species at the NiO surface.
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2. Co-grafted photocathodes for HER

In this part, we present the construction of co-grafted photocathodes for HER. First, the
components involved will be briefly described or recalled. Particular attention will be drawn to
the energetic matching between the different species implemented in the electrode.

Then, we will show the procedure we followed to prepare the photocathode. In line with the
results presented in Chapter III, we will present a set of structural characterization data for the
immobilized architectures.

Further, photoelectrocatalytic tests of hydrogen evolution with the assembled electrodes will be
described. For these assays, the quantification of hydrogen production will be provided. These
results will finally be discussed and perspectives to improve the co-grafted architectures will be
proposed.

This work was conducted in collaboration with the team of B. Jousselme at the Laboratory of
Innovation in Surface Chemistry and Nanosciences (CEA-Saclay, FRANCE) within the frame of

the ArtipHyction European project.

2.1. Components

2.1.1. Overview

The architecture envisioned in this approach relies on the concomitant attachment of a PS and a
catalyst onto a p-type NiO substrate.

Capitalizing on the works presented above in the manuscript, we will base our construction of
the photocathodes on the immobilization of the Cocyip derivative (see Chapter II1) onto D21.-450
NiO substrates (see Chapter IV.1). The D2L-450 preparation will be used exclusively for the rest
of this work.

The final component to create a light-harvesting electrode is a photosensitizer. Previous reports
of performing NiO-based DS photocathodes mainly rely on organic dyes, as described in
introduction (see Chapter 1.2.2.3). Especially, push-pull dyes attached to NiO surfaces via
carboxylate groups gave encouraging results in inverse DSSCs” !! but also in DS photocathodes
able to operate in fully aqueous media'® and catalyze HER.® '* Besides, Ru(bpy)s-like complexes
are benchmark PSs broadly implemented into DS photoelectrodes. More particularly, this type of
dye has been shown to enable light-driven electron transfer at the surface of NiO for applications
in hydrogen evolution catalysis.'* We thus decided to create two DS photocathodes, one relying

on an organic dye and one on a Ru(bpy); prototype PS.
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To ensure these light-harvesting units are suitable for the construction of NiO-based DS
photocathodes for hydrogen evolution, energy considerations have to be examined. The orbitals
corresponding to the HOMO and the LUMO levels of the photosensitizers should lay at energies
suitable for hole injection into NiO and reduction of the catalytic active species, respectively. To
verify this point, the energy levels were estimated through electrochemistry, UV-visible
spectroscopy and with the income of computational simulations (not shown here), when available.
The architectures proposed for the DS photocathodes, with the associated estimated energy levels

of dyes and catalysts, are presented afterwards.

2.1.2. Organic dye: TPAT,NMI

2.1.2.1. Description
The TPAT,NMI organic dye used in our study is shown in Figure IV.6. The synthesis of the
dye has been developed and performed by R. Brisse, a PhD student in the team of our
collaborators at CEA-Saclay. This organic PS has a push-pull structure the properties of which
will be more extensively described in the next section. Also, the molecule features two acid
carboxylic moieties dedicated to the anchoring onto NiO surfaces. We note that a similar structure

was proved quite efficient for the targeted application of Hy-evolving photocathodes.'*

o
OR

R =1Bu TPAtBuTzNMl
R=H TPAT,NMI

Figure IV.6. Protected tert-butyl ester TPA,T,NMI and deprotected acid carboxylic TPAT,NMI
versions of the organic dye used for the construction of DS photocathode.

The carboxylic acids are protected under the form of tert-butyl esters (compound
TPAg.T:NMI, Figure 1V.6) until the last synthetic step. For solubility issues, this protected

version is utilized to perform most of the characterization in solution.
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2.1.2.2. Energetics

The characterization of the molecular homogeneous species have been provided by our
collaborators at CEA-Saclay. The ones related to properties in DS photocathodes are briefly
shown here with a draw of the subsequent consequences in terms of energetic levels.

The CV of TPAw,T.NMI (Figure IV.7, left) in the cathodic region displays two reversible
waves. By comparison to similar dye backbones, these waves are attributed to two successive
oxidations of the donor part mixing the triphenylamine (TPA,) and the bithiophene (T5)
moieties.'” '° The potential of the first wave is found at 1.20 V vs NHE. Associated with the first
oxidation of the donor part, this potential indicates the energy of the HOMO level of the PS
(Eromo)-
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Figure IV.7. CV of TPA,T,NMI recorded at a Pt electrode in a 0.1 M nBusNPFs DCM electrolyte
with a scan rate of 100 mV-s™' (left) and normalized absorption (red line) and emission upon excitation at
450 nm (purple line) spectra of TPA, T,NMI in DCM at R.T. (right).

The TPAwp,T:NMI dye displays two bands in the UV-visible range (Figure V.7, right). The
two bands are partially merged with maxima at 364 nm and at 442 nm corresponding to molar
absorptivities of 47 974 and 27 104 M "-cm ™, respectively. From computational simulations, the
first band centered at 442 nm can mainly be attributed to mixed HOMO to LUMO, HOMO-1 to
LUMO and HOMO to LUMO+I transitions. The HOMO-LUMO transition is a charge transfer
process from the TPA,T> donor part to the naphthalene monoimide (NMI) acceptor moiety.
Upon excitation on this transition (450 nm), the emission spectrum (Figure IV.7, right) features a
broad band centered at 688 nm. From the intersection between normalized absorption and
emission spectra (520 nm), the 0-0 transition energy (Ey.9) was estimated to be of 2.38 eV.

The subtraction of the Ey transition energy from the energy of the HOMO level permits us to

estimate the energy of the LUMO level (ELymo) around —1.18 V vs NHE.
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2.1.3. Ru(bpy)s-like photosensitizer: RuP,

2.1.3.1. Description

The Ru(bpy)s-like photosensitizer utilized is the study, named as RuPy, is presented in Figure
IV.8. The synthesis of this complex has been performed by N. Queyriaux, a PhD candidate in the
group, in the context of a broader study. In this work, a series of new bis-heteroleptic Ru(bpy);
PSs that feature two bipyridine ligands each decorated by two phosphonic acids and a third -
extended bipyridine-based ligand is developed. These new architectures aim to improve the
attachment of Ru(bpy)s-like PS at the surface of TCOs and fostering the charge separation upon
light irradiation. This work is described in N. Queyriaux’s PhD thesis.

_|2+2x-

R=Et X =PFy RuPEt,

R=H,X=ClI  RuP,

Figure IV.8. Protected diethyl ester phosphonate RuPEt, and deprotected phosphonic acid RuP;,
versions of the Ru-based PS used for the construction of DS photocathode.

Especially, the RuPs complex used in the current work bears two bipyridine ligands
functionalized by two methylenephosphonic acids in 4 and 4’ positions. The presence of four
phosphonic acid moieties is expected to increase the stability of the anchoring onto NiO surfaces.
For questions of solubility, homogeneous characterization was performed with the RuPEt, diethyl

ester phosphonate protected version of the PS (Figure IV.8).

2.1.3.2. Energetics
The characterizations presented here were performed by N. Queyriaux. In the oxidative regime,
the CV (Figure IV.9, left) of RuPEty depicts a reversible wave, which is ascribed to the Ru"""
couple. The potential of this wave, found at 1.39 V vs NHE (0.86 V vs F¢™° converted to NHE by
addition of 0.53 V),'® gives the energy of the HOMO level. This HOMO level corresponds to an

orbital mainly localized on the Ru metallic atom."’
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Figure IV.9. CV of RuPEt, recorded at a Pt electrode in a 0.1 M nBuy,NBF, MeCN electrolyte with a
scan rate of 100 mV-s ™' (left) and molar absorptivity of RuPEt, in MeCN (right).

In the UV-visible region, the absorbance spectrum of the RuPEty complex (Figure 1V.9, right)
shows a broad band centered on a maxima at 457 nm with a corresponding molar absorptivity of
14 668 M""-cm ™. This band is assigned to a spin allowed metal-to-ligand charge transfer (MLCT)
transition, as extensively described for Ru(bpy)s-type PSs.'™ The first excited singlet state is
expected to undergo an ultrafast intersystem crossing (ISC) to a triplet state, as observed for the

[Ru(bpy)s] prototype (subpicosecond time scale).'”

This longer-lived triplet state is usually the
one associated with the LUMO level, located on n* orbitals of the bipyridine ligands. For
instance, on a similar Ru complex having a single bi-phosphonic acid substituted bipyridine
ligand (and two bipyridine ligands), the triplet LUMO level was shown to be delocalized over the
m* orbitals of the three ligands.'

The transition between the primary excited singlet state and the reemitting triplet state
generally implies that fluorescence should be performed at low temperature to correctly determine
the Ey.o transition energy. While these experiments are still ongoing at the time this thesis is being
written, we will in first approximation estimate the Ey.o energy with the foot of the UV band (ca
588 nm). The approximate value of Ep, is thus found at 2.11 eV, which is likely an
overestimation, given the explained above ISC phenomenon. Still, this value is in good line with
the one reported for the analogous Ru complex bearing a single bi-phosphonic acid substituted
bipyridine.'”

From the values of Egono and Ey., the energy of the LUMO level for RuPEt was estimated at
—0.72 V vs NHE.
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2.2. Proposed architectures

We designed two prototype DS photocathodes. The first one contains the TPAT,NMI dye and
the Cociip catalyst derivative. This co-grafted electrode, named as NiO-TPAT,NMI-Cociip, is
shown in Figure IV.10. The second architecture unites the RuP4 PS with the Cocq1p moiety in the
NiO-RuP4-Coc11p photocathode, as represented in Figure [V.11.
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\ P
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TPAT,NMI
: 120 ——
ETO NiO HOMO
E (V)
vs NHE
(PHT)

Figure IV.10. Schematic energy diagram of the NiO-TPAT,NMI-Coc;p photocathode. Energy levels
estimated from the TPAg,T.NMI protected analogue under homogeneous conditions (see Chapter
1V.2.1.2.2) for TPAT,NMI, from the Co™ potential observed on NiO-Cocyp electrodes (see Chapter
111.3.2.1.3) for Cocyrp and from literature'® for the edge of the NiO VB.

In both cases, the potential of the HOMO levels should allow the injection of a hole from the
excited dye into the NiO VB. Also, the LUMO levels of the dyes are located higher than the Co™"
potential. This should permit the reduction to the Co' state that gives access to the catalytic
turnover for HER."

The energy levels of the PSs are reported for the protected versions TPAg,T_NMI and
RuPEt,. Upon deprotection and also upon grafting to the surface, slight shifts of these levels are
possible. This point is particularly true for the TPAT,NMI dye since the HOMO level is partially
delocalized on the carboxylic anchors directly conjugated with the TPAT, donor part. Thus, the
modification of this group by deprotection or coordination to surface can influence the energy of
the HOMO level. Yet, the HOMO level is much more negative than the top edge of the NiO VB
(a difference of 0.7-0.9 eV) and a minute modification of this level is not expected to sharply

impact the hole injection into the VB.
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The LUMO level of the TPAT,NMI dye, mainly centered on the NMI moiety, and thus less
prone to energetic modifications upon grafting, has a large driving force (0.81 eV) for the
reduction of the Co" to Co' state. For the RuPy4 PS, the driving force (0.35 eV) is still large but
less important compared to the organic dye.

Finally, to effectively assess the two architectures, we undertook their construction and

characterization.
LUMO
0.72 me
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Figure IV.11. Schematic energy diagram of the NiO-RuPs-Cocpp photocathode. Energy levels
estimated from the RuPEt, protected analogue under homogeneous conditions (see Chapter 1V.2.1.3.2) for
RuP,, from the Co™" potential observed on NiO-Cociip electrodes (see Chapter 111.3.2.1.3) for Cocyrp and
from literature'® for the edge of the NiO VB.

2.3. Preparation of the electrodes

As the immobilization was performed initially with a methanolic solution containing equimolar
quantities of a dye and the catalyst (0.5 mM each). The obtained electrodes were analyzed by
electrochemistry. The signal corresponding to the attached Cociip could not be detected at decent
levels at these electrodes. We concluded that the loading of the catalyst derivative was not
significant under such conditions. This observation suggests that the binding of dye versus the
binding of catalyst are competitive processes at the surface. While the dyes feature multiple
anchoring groups (two COOH for TPAT,NMI, four POs;H; for RuPy), the catalyst only displays a
single attachment moiety (one POsH;). As a consequence, the binding equilibria can be displaced

toward the attachment of the dyes rather than the attachment of Cociip.
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Figure IV.12. Sequential pathways for the preparation of (A) the NiO-TPAT,NMI-Coc;sp and (B) the

NiO-RuP4-Coc11p photocathodes.

To bypass this issue, we decided to exploit this equilibrium by preparing the electrodes in a
sequential way (Figure IV.12). First the Cociip catalyst alone is grafted on the surface following
the procedure used to construct NiQ-Cociip electrodes (see Chapter II1.3). The bathing time was
intentionally kept longer (typically 66 h) to foster a larger loading of the catalyst derivative and,
possibly, lead to full surface coverage. Then, the electrodes were rinsed with MeOH to remove

weakly bound catalysts. In a second step, the electrodes were dipped in a 0.5 mM methanolic
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solution of photosensitizer (TPAT,NMI or RuPy). During this second step, the photosensitizer is
expected to attach to the surface by partially displacing the Cocip derivative. Hence, the
immobilization was performed for only two hours to avoid the complete substitution of the
catalyst for the dye. The electrodes should thus display a shared decoration of the surface by both
entities. These electrodes were finally rinsed with MeOH to further eliminate the physisorbed
molecules.

For the sake of comparison, control electrodes loaded only with the photosensitizers in a
similar fashion (two hours of dying) were prepared. These electrodes are referred to as NiO-
TPAT,NMI and NiO-RuP4 and shown in Figure IV.13.

o 2+ 2 Cr
1l OH
SoH

0-—:-.
FTO NiO 7

—0

NiO-TPAT,NMI NiO-RuP, g\OH

Figure IV.13. The NiO-TPAT,NMI (left) and the NiO-RuP, (right) control photocathodes.

2.4. Structural characterizations

The electrodes were characterized by UV-visible spectroscopy, electrochemistry, XPS and
surface mass spectroscopy. Comparisons with the NiO-Cocyp electrodes, i.e. at the first
immobilization step, as well as with only dye-sensitized electrodes (NiO-TPAT,NMI and NiO-
RuPy) are provided.

2.4.1. NiO-TPAT,NMI-Cocqp clectrodes

24.1.1. Electrochemistry
The cyclic voltammograms in the cathodic regime of the NiO-Cocy1p and NiO-TPAT,NMI-
Cociip electrodes are shown in Figure IV.14. The CV of NiO-Cociip i.e. at the first step of the
sequential immobilization (blue line) shows an ill-defined event with a reduction wave at ca —0.45

V vs NHE and a much less marked reoxidation wave at —0.28 V vs NHE.
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Figure IV.14. CVs at the NiO-Cocyyp (blue line) and the NiO-TPAT,NMI-Coc;p (red line) electrodes
recorded in NaCl 0.1 M aqueous electrolyte at a scan rate of 10 mV-s™'.

These potentials are in good agreement with the signature observed previously with NiO-

Cociip electrodes (see Chapter 111.3.2.1.3) and thus can be attributed to the Co™"!

couple of the
bound Cociip catalyst. However, the low resolution of this wave compared to our precedent
assays on the NiOQ-Cociyp electrodes (see Figure 111.23 and Figure I11.22) is quite questioning. We
found that this difference was mainly due to the setup used for the characterization of the

electrodes.

Electrical
connectors

Insulating tape

FTO Silicone seal

| ¥~ Electrolyte

!
SResnitay NiO on FTO

Classical cell PEC clamp cell

Figure IV.15. Electrochemical setup previously used for the characterization of hybrid electrodes
(classical cell) compared to the one used for the characterization during the construction of co-grafted
electrodes (PEC clamp cell).

Indeed, our previous electrochemical experiments with the NiO-Cociip electrodes were
conducted in a classical 3-electrode electrochemical cell. In this configuration shown in Figure
IV.15, left, the mesoporous NiO layer is dipped in the electrolyte and the FTO part insulated from
it by a galvanoplastic tape. By contrast, for the experiments presented from now, we used another

cell in which photoelectrochemistry can be performed. We intentionally utilized this cell, called
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PEC clamp cell (Figure IV.15, right), to stay consistent with future studies that will require a
controlled light irradiation of the photocathodes. In that configuration, the electrode is clamped to
the electrochemical cell and constitutes a window of the cell. The NiO layer is in contact with the
electrolyte and, to ensure the tightness at the NiO/cell interface, an O-ring seal is inserted in
between.

We discovered that the definition of the Co™!

signal depends on the cell configuration. The
waves are well defined in the classical cell, but have temperamental shapes in the PEC clamp cell.
We could not give a clear explanation on the origin of this behavior. Yet, we postulate that the
low definition observed in the PEC clamp cell is a result of handling and pressing the seal against
the NiO layer, which might create micro-cracks into it. These cracks can possibly put the
underlying FTO layer in direct contact with the electrolyte. In that way, the NiO network might be
short-circuited, the electronic conduction being mainly ensured by the FTO layer. Thus, the
signature of the Cociip species immobilized onto the NiO mesoporous layer would be lowered
down. We could not completely exclude this undesired effect from our experiment, even by
applying scotch tape at the contact between the seal and the NiO film, but the electrodes were
clamped with extreme care to minimize it.

After the attachment of TPAT,NMI onto the NiO-Cociip electrode, an electrochemical
signature with well-defined waves is observed at ca —0.40 V vs NHE (Figure 1V.14, red line).

This signature is ascribed to the Co™"

couple of Cociip. Hence, the attached cobalt diimine-
dioxime complex is still present after the dying with TPAT,NMI. The grafting densities in Co
centers at the NiIO-TPAT,NMI-Cocqp electrode is estimated by integration of these waves about
1.5 to 2 nmol-cm 2. This value is slightly inferior to the loading densities observed for the NiO-
Cocurp electrodes (2 to 4 nmol-cm 2, see Chapter I11.3.2.1.3). Such an observation would support

a partial displacement of the Coc11p complexes by the TPAT,NMI PSs.

2.4.1.2. UV-visible spectroscopy

The loading of the TPAT,NMI photosensitizers on the NiO-Cocyip electrodes can also be
assessed by UV-visible spectroscopy. First, the signature of the control NiO-TPAT,NMI
electrode was acquired. The differential spectrum of this electrode is displayed in Figure IV.16
(orange line). A broad band is observed, rising from ca 580 nm, with a marked shoulder about 460
nm and a maximum at 360 nm. The broadening of the UV-visible spectra upon grafting is
commonly observed for TCO-anchored organic photosensitizers.” '> ?° Thus, by comparison to
the solution spectrum of TPA,T2NMI, this feature is assigned to the immobilized TPAT,NMI
dye at the surface of NiO.

211



Chapter IV

1.5

AQO.D. (a.u.)

0.0, - T T T

T T '
400 500 600 700 800
Wavelength (nm)

Figure IV.16. UV-visible spectra of the NiO-TPAT,NMI-Coc;p clectrode after subtraction of the
spectrum of the NiO-Cocyqp electrode (red line) and of the NiO-TPAT,NMI electrode after subtraction of
the spectrum of the pristine NiO electrode (orange line).

The surface loading in PS (Ips) can be roughly estimated using the following equation:*'

B Aelectrode (A(S%)g;tion))

rps = 1000 - S%gtlllétion Eqn. IvV.1

where £50/4tion jg the maximum absorptivity of the dye in solution and A“““”**(),) the absorbance

of the electrode at the 4 wavelength.

The substansial absorbance of the FTOINiO layers under 400 nm does not permit to finely
subtract the spectra in this region. Thus, we considered the second maximum of the spectrum in
solution, at 442 nm (£5°™t°" =27 104 M "-cm ). Due to the broadening upon attachment of the
dye, the UV-visible spectrum of NiO-TPAT,NMI does not display a local maximum at this
wavelength, but only a shoulder. We took the absorbance at this shoulder A““°%(442
nm) = 0.654 to estimate the grafting density of the PS, found at ca 24.1 nmol-cm °.

The UV-visible differential spectrum of NiO-TPAT,NMI-Cocjip is shown in Figure IV.16
(red line). This spectrum is a difference between the one after the first step (NiO-Cociip) and the
one after the second step (NiO-TPAT,NMI-Coc;itp). In that way, the contribution of TPAT,NMI
only is pictured. The spectrum displays a signature of similar shape compared to that of NiO-
TPAT,NMI, but with lower intensity. Especially, the absorbance at 442 nm is 0.282, which is ca
43 % of that of the NiO-TPAT,NMI electrode. The related grafting density of the dye on NiO-
TPAT,NMI-Cociyp is about Ipg = 10.4 nmol-cm . This observation clearly demonstrates that a
smaller amount of dye can be immobilized when Cociip is already present on the surface. Hence,

the competition for binding onto NiO is further confirmed by the UV-visible spectroscopy.

212



Chapter IV

24.1.3. XPS analysis

The XP spectra of the NiOQ-Cociip, NiO-TPAT,NMI and NiO-TPAT,NMI-Cocip electrodes
atthe N I, S 2p and P 2p core levels are shown in Figure IV.17.

Data for the NiO-Cociip electrode, which have already been discussed (see Chapter
I11.3.2.1.1), are added here (Figure IV.17, top) as comparison. First, a quick introduction of the
main features observed on NiO-TPAT,NMI is made, that will facilitate the following description
of the spectra of the NiO-TPAT,NMI-Coc1p co-grafted architecture.

The NiO-TPAT,NMI electrode displays signatures at the N /s and S 2p levels (the P 2p levels
were not scanned) as presented in Figure V.17, middle row. At the N Is level (Figure IV.17,
middle left), the signal shows a main contribution centered at 399.7 eV. This energy is in good
correlation with that observed for the /s level of the nitrogen atom of the triphenylamine moiety
in similar push-pull organic dyes, although attached at the surface of TiO,.”> This contribution is
thus ascribed to the N Is level of the nitrogen atom in TPAT,NMI. A smaller contribution at
higher binding energies (401.4 eV) might be an indication of a different binding mode of the dye
at the surface.”® Yet, the presence of small nitrogen-containing contaminations of the plates could
not be completely excluded.

At the S 2p core levels (Figure IV.17, center), two signals are seen, centered at 163.8 and 167.8
eV. The feature at 167.8 eV corresponds to a contaminant since it is already present on the control
NiO-Cocqyp clectrode (Figure V.17, top middle). The peak at 163.8 eV can be deconvoluted into
two contributions (163.8 and 165.0 eV) of area ratio 2:1 and energy split of 1.1 eV. This signature
correlates quite well with the one evidenced for S 2p levels of thiophene moieties in similar TiO,-
immobilized organic backbones.?” This signal is hence undifferentially ascribed to the S 2p core
levels of the two sulfur atoms in TPAT,NMI, which have nearly identical chemical
environments.

The characterization of the final electrode was realized after immobilization of the TPAT,NMI
photosensitizer on the NiO-Cocjip electrode. The XP spectrum at the Co 2p core levels of the
NiO-TPAT,NMI-Cociip electrode is depicted in Figure IV.18, bottom. Two peaks are observed
at 780.6 and 796.6 eV. By comparison with the corresponding spectrum at a NiOQ-Cociip
electrode (Figure IV.18, top), these peaks are assigned to the 2p,; and 2p;,; levels of the Co center
in the [Com(DO)(DOH)pnBrz] coordination sphere. As well, the signature of the phosphonic
acid anchor of Cociyp is observed (Figure IV.17, bottom right), with a peak centered at 131.9 eV

and accounting for the P 2p core levels.
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Figure IV.17. XPS analyses of the NiO-Cocyp (top), NiO-TPAT,NMI (middle) and NiO-
TPAT,NMI-Cocyip (bottom) electrodes at the baseline-corrected N Is (left), S 2p (middle) and P 2p
(right) core levels. Black lines: baseline corrected spectra; blue, cyan, olive and green lines: fitted
deconvolutions; gray lines: residual backgrounds.

In general, the peaks attributed to Cociip are less intense at the NiO-TPAT,NMI-Cociip

electrode than at the NiO-Coci1p electrode. This observation is consistent with a lower surface

density of the cobalt complex at the co-grafted electrode. From the area of the Co 2p;, peaks at
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the NiO-Coc11p electrode and the NiO-TPAT,NMI-Cociqp electrode, a relative Co loading ratio
might be roughly estimated at 1.7:1. Such ratio is quite in line with the comparison obtained from
electrochemistry, which also suggests that about half of the attached Cociip derivatives are

displaced at the second step of the sequential immobilization.
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Figure IV.18. XPS analyses of the NiO-Cocyp (top) and NiO-TPAT,NMI-Coc;p (bottom) electrodes
at the baseline-corrected Co 2p core levels. Black lines: baseline corrected spectra; blue, cyan, olive and
green lines: fitted deconvolutions; gray lines: residual backgrounds.

Besides, the S 2p signal assigned to the sulfur atoms of TPAT,NMI is seen at the NiO-
TPAT,NMI-Cociip electrode (Figure IV.17, bottom middle). This feature indicates that the PS is
present on the surface, as expected after the second step of the sequential immobilization. The
intensity of this peak was decreased compared to that of the control NiO-TPAT,NMI electrode
(Figure IV.17, center). The integration of the peak does not evidence a noticeable difference in
dye loading on NiO-TPAT,NMI-Coc1p compared to the control electrode. By contrast, UV-
visible spectroscopy indicated that only 43% of the grafting density in PS observed at NiO-
TPAT,NMI was reached on the co-grafted electrode. Such ambiguity might originate from an
inhomogeneous repartition of the PS within the NiO film, since XPS only probes the top layer (ca
5 nm here), whereas UV-visible spectroscopy scans the whole thickness of the film.

The analysis at the N /s core level for NiO-TPAT,NMI-Cocyp displays a large peak centered
at 399.8 eV (Figure IV.17, bottom left). This peak is likely a shared signature of the N atoms in
Cocuip (Figure IV.17, top left) and in TPAT,NMI (Figure IV.17, middle left).

To conclude, the XPS analysis shows that features accounting for both the Coc1p complex and
the TPAT,NMI dye are present at the co-sensitized electrode. Interestingly, the signal
corresponding to Cocyyp is less marked compared to the one observed on the NiOQ-Cocyyp control
electrode, which also suggests a partial displacement of Cociip upon immobilization of

TPAT,NMI.
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24.14. ToF-SIMS

ToF-SIMS characterizations were also realized for this series of electrodes.
The analysis was first performed at the NiO-TPAT,NMI electrode. The spectrum in the
positive mode displays noteworthy fragments at high molecular mass (Figure IV.19).
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Figure IV.19. ToF-SIMS analysis at the surface of a NiO-TPAT,NMI electrode, recorded in the
positive mode at m/z between 800-900.

A broad pattern centered at m/z = 852 is a clear indication of the molecular ion [TPAT,NMI]*
of exact mass 852.23 g'mol ' (Figure IV.20, left). Additional features around m/z = 835 and 807
respectively correspond to the loss of an hydroxyl group from a carboxylic moiety yielding the
[TPAT,NMI — OH]" fragment (835.23 g'mol ') and to a further decarbonylation giving the
[TPAT,NMI — OH — COJ" one (807.24 g'mol "), as shown in Figure IV.20, left.

The [TPAT,NMI]" molecular ion monitored at m/z = 852 is protonated at the carboxylate
ends. Although, a protonation in the source of the mass spectrometer cannot be ruled out, this
observation might point that some of the dye units are physisorbed or binding via H-bonds to the
NiO surface. But this signature also demonstrates that the molecular structure of the PS has been
conserved during the process of grafting.

The NiO-TPAT,NMI-Cociip co-grafted electrode displays a similar set of peaks at high m/z
(around 852 and 835), as depicted in Figure IV.21, top, in line with the backbone of TPAT,NMI.
Interestingly, the massifs attributed to the Coc1ip complex (see Chapter I11.3.2.1.2) are also
present. The peaks at m/z around 650, 627 and 570 (Figure IV.21, middle and bottom) have been
attributed to fragmentations of the immobilized Coc11p complex, recalled in Figure IV.20, right.
Thus, the sensitization with TPAT,NMI is believed not to alter the attached Cociqp catalysts on a

structural point of view.
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The detection of the preserved molecular backbones of both the dye and the catalyst at the co-

grafted electrode indicates the successful co-immobilization process, which further supports the
strategy followed.
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Figure IV.20. Proposed fragments for the attribution of peaks on the ToF-SIMS positive mode analysis
at a NiO-TPAT,NMI (bottom left) and a NiO-TPAT,NMI-Cocp (top, bottom left and right) electrodes

Figures indicate the exact mass of considered compounds; for the sake of clarity the charges of the
compounds have been omitted and, unless otherwise noted, are all equal to +1
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Figure IV.21. ToF-SIMS analysis at the surface of a NiO-TPAT,NMI-Cocq;p electrode, recorded in
the positive mode at m/z between 800-900 (top), 600-700 (middle) and 500-600 (bottom).
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2.4.2. NiO-RuP4-Cocqqp clectrodes

A similar scheme of characterization was achieved during the construction of NiO-RuPy-
Cociip electrodes. As many features are redundant, the description will be conducted more
briefly. We note that the surface mass spectroscopic analysis was also performed on this series of
electrodes but will not be detailed here. Indeed, the processing of the results is still ongoing to
find the correct fragmentation pathways, especially for the attached RuP4 moiety, although some
of the fragments observed are in agreement with the intact molecular structures of both the dye

and the catalyst.

24.2.1. Electrochemistry
The CV of the NiO-RuP4-Cocyp electrode in the cathodic region is shown in Figure V.22,
left (red line). The signature is ill-defined with a reduction event displaying a peak at ca —0.47 V
vs NHE and a sluggish reoxidation around —0.22 V vs NHE. The origin of the low resolution has
been explained above (see Chapter IV.2.4.1.1). This badly resolved event is ascribed to the Co™"
couple of the immobilized Cocy1p. A quite rough estimate of the loading in Cocyyp at the NiO-

RuP4-Cociip electrode gives a value of 1 nmol'cmfz, consistent with that observed on the NiO-

TPAT,NMI-Cociip electrode and ca half of the density on NiO-Cociip.
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Figure IV.22. CVs at the NiO-Cocp (blue lines) and the NiO-RuP4Cocqip (red lines) electrodes
recorded in NaCl 0.1 M aqueous electrolyte (left) and in nBuyNBF4 0.1 M MeCN electrolyte (right) at a
scan rate of 10 mV-s™".

Interestingly, after immobilization of the RuPy4 PS, a redox wave is seen in the anodic regime
at about 0.87 V vs Fc"°, when the electrochemistry is recorded in acetonitrile (Figure 1V.22,
right). By comparison with the signature at the control NiOQ-RuPy electrode (not shown), this

IR

wave is attributed to the Ru™ " couple of the anchored RuPy4 species. The potential of this wave is

also in good agreement with the one of the RuPEt, protected version in homogeneous solution
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(0.86 V vs RHE, see Chapter 1V.2.1.3.2) This point speaks in favor of a moderate impact of the
deprotection and the surface anchoring of the phosphonic acid groups on the electronic levels of
the Ru(bpy); core. Such behavior might be explained by an electronic decoupling of the
phosphonic acid from the bipyridine aromatic rings, provided by the interstitial CH, group. From
this wave, the surface density in RuP4 at the NiO-RuP4-Cocjp electrode was approximatively

determined as 3-3.5 nmol-cm 2.

2.4.2.2. UV-visible spectroscopy

The differential UV-visible spectrum of NiO-RuP4 (Figure IV.23, orange line) displays a
broad peak with a maximum centered at 460 nm (A“““°*(460 nm) = 0.457). This peak is
attributed to the MLCT process at the immobilized RuP4 PS by comparison with the spectrum of
RuPEt, in solution (see Chapter IV.2.1.3.2). The maximum of this peak is barely shifted in regard
to the one of the homogeneous system (457 nm). This observation corroborates the minute
influence of the modifications on the phosphonic acid groups, i.e. deprotection and grafting, on
the energetic levels at the Ru(bpy); center.

The amount of PS loaded on the NiO-RuPy electrode is estimated through Eqn. IV.1 to be of
28.0 nmol-cm 2. This amount is quite close to the one in TPAT,NMI at the NiO-TPAT,NMI

electrodes (24.1 nmol-cm ), although the two PSs feature different structures and binding groups.
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Figure IV.23. UV-visible spectra of the NiO-RuP,;-Cocqqp electrode after subtraction of the spectra of
the NiO-Coc1yp electrode (red line) and of the NiO-RuP, electrode after subtraction of the spectra of the
pristine NiO electrode (orange line).

The spectrum recorded after the second step of the sequential immobilization at NiQ-RuPy-
Cociip is shown in Figure IV.23 (red line). The band attributed to RuPy4 also displays a maximum
at 460 nm but in lower intensity (A“““"**(460 nm) = 0.127) compared to the NiO-RuP; electrode.

The grafting density estimated from the UV-visible spectrum of NiQ-RuP4-Cocip is in that case
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about 8.7 nm01~cm*2, which is only 28 % of that observed at the control NiO-RuPj electrode. We
notice that this value differs from the one reported by electrochemistry (3-3.5 nmol-cm ). The
detection of smaller amounts of RuPy4 by electrochemistry can be explained considering that not
all the RuPy4 units grafted on the mesoporous NiO layer are electrochemically addressable. Such
statement was also made on other TCO surfaces decorated with coloured redox probes.”

Still, similarly to the behavior observed on NiO-TPAT,NMI-Cociip, the data from
electrochemistry and UV-visible spectroscopy collectively suggest that a competition for binding

at the surface of NiO also occurs between Cociip and RuPy.

24.2.3. XPS analysis

The XPS analysis includes the NiO-RuP4 and NiO-RuP4-Cocq1p electrodes at the N /s, P 2p
and Ru 3ds,; regions (Figure 1V.24).

In the N /s region, the NiO-RuPy4 electrode displays a peak that can be split into two
contributions, at 399.9 and 401.4 eV (Figure 1V.24, middle left). The major feature at 399.9 eV is
ascribed to the /s level of the N atoms on the bipyridine ligands.** The smaller contribution at
401.4 eV is possibly indicative of a different chemical environment or of an exogenous N
contaminant.

The P 2p core levels of NiO-RuP4 show a signature centered at 132.4 eV (Figure 1V.24,
centre). The deconvolution of this signal gives two peaks of energy 132.0 and 133.0 eV, separated
from 1.0 eV and in a 2:1 ratio, thus accounting for the P 2p;, and P 2p;,, levels. Such signal is
then ascribed to the P atoms of the phosphonic acid moieties on RuP4. We note that the binding
energy of this signal is quite comparable to that observed for the phosphorous of the Cociip
complex attached onto NiO (Figure 1V.24, top middle). This point can suggest that the RuPy is
anchored to the NiO substrate in a similar fashion. Binding through the four phosphonic acid
groups of RuPy is, however, unlikely. Thus, at least two different contributions for P 2p levels
might be expected, mirroring chemically inequivalent phosphorous atoms of the NiO-linked
phosphonates and the free phosphonic acids. Yet, at the resolution of the spectrum, we could not
differentiate these two chemical environments.

The Ru 3ds), region of NiO-RuPj4 contains a peak at 280.8 eV (Figure IV.24, middle right). A
similar signature has been observed for a related Ru(bpy)s-like complex immobilized onto NiO
and ascribed to the 3ds), core level of the Ru" metallic center.'* Thus, we attributed this signature
to the Ru" core of the attached RuP;. We note that the signal of the Ru 3d;/; level could not be

straightforwardly exploited since their contribution is hidden in the intense peak corresponding to
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the C Is core levels at ca 285 eV. A peak at 462.2 eV was also analyzed (not shown) that matches

with the Ru 3pj;/, core level.
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Figure IV.24. XPS analyses of the NiO-Cocyp (top), NiO-RuP, (middle) and NiO-RuP4-Cociip
(bottom) electrodes at the baseline-corrected N Is (left), P 2p (middle) and Ru 3ds, (right) core levels.
Black lines: baseline corrected spectra; blue, cyan, olive and green lines: fitted deconvolutions; gray lines:
residual backgrounds.
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An atomic ratio of 1:3.6:6.9 for Ru/P/N could be estimated at the surface of the NiO-RuP4
electrode. This ratio is generally in agreement with the calculated one expected from the
molecular structure (1:4:6), although this estimation is subject to caution.

At the NiO-RuP4-Cocirp electrode, the Co 2p;2 and 2p;,; levels (Figure V.25, bottom) display
a signature in consistent with the one observed at the NiO-Cociqp electrode (Figure IV.25, top)
and thus attributed to the grafted Cociip species. But again, the intensity is decreased upon

immobilization of the PS (about 20 % less).
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Figure IV.25. XPS analyses of the NiO-Coc;p (top) and NiO-RuP4-Cocyp (bottom) electrodes at the
baseline-corrected Co 2p core levels. Black lines: baseline corrected spectra; blue, cyan, olive and green
lines: fitted deconvolutions; gray lines: residual backgrounds.

The signals for the N /s and P 2p levels (Figure 1V.24, bottom left and middle) show
convoluted contributions from the P and N atoms of both RuP4 and Cocy1p. The respective
contributions could not be differentiated within the accuracy of the measurement.

Finally, on the co-grafted electrode, the signature attributed to the Ru" center in RuP; is also
observed (Figure 1V.24, bottom right). The peak is although less intense than for the NiO-RuPy4
control electrode. This observation once again indicates that the surface density of RuPy at the
NiO layer is less important at the NiO-RuP4-Cocqip electrode. However, the density in RuPy is
here found around 50% of that at NiOQ-RuP4 whereas the UV-visible spectroscopy gave 28 %.
The divergence between the two techniques is similar as that seen on NiO-TPAT,NMI-Coci1p.

Still, the analyses perfomed at the NiO-RuP4-Cocyip electrode all together indicate the

successful construction of a co-grafted structure.
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2.5. Performance

The performances of the photocathodes were finally assessed through PEC measurements. We
present here the main results obtained with the NiO-TPAT,NMI-Cociip series of electrodes as
well as some preliminary ones obtained with the NiO-RuP4-Cocqip series.

The functional characterizations were performed in a first step by potential sweep techniques.
Then, chronoamperometric measurements coupled to H, detection are realized.

The attached [COHI(DO)(DOH)pnClz] complex was proven to have enhanced activity for
hydrogen evolution in an acetate buffer at pH 4.5.> Yet, we observed that the anchoring of Cocy1p
was not stable enough at the surface of NiO in such acidic media (see Chapter 111.3.2.2.2). At the
same time, the immobilized catalyst does not turn over for proton reduction in neutral media, as
demonstrated above (see Chapter I11.3.2.2.1) and in previous work.*>

To find a balance between these two counter-acting effects, we decided to work at an
intermediate pH. Hence, all the photoelectrochemical experiments were recorded in a 2-(N-
morpholino)ethanesulfonic acid (MES) 0.1 M / NaCl 0.1 M aqueous buffer at pH 5.5. We note
that under aqueous homogeneous photocatalytic conditions, the cobalt diimine-dioxime catalyst
was proven to turn over at pH 5-6.°*7 Also, the use of an aqueous MES buffer (pH 6) for
photoelectrocatalytic experiments at P1-sensitized NiO electrodes leads to the establishment of

stable cathodic photocurrents.*®

2.5.1. NiO-TPAT,NMI-Cocqp clectrodes

As for the structural characterizations, the performances of the NiO-TPAT,NMI-Cociip
electrodes have been assessed along with the ones of the NiO-TPAT,NMI electrodes.

2.5.1.1. Photoelectrochemistry

The NiO-TPAT,NMI celectrode was swept from anodic to cathodic potentials
(0.70 to —0.19 Vvs NHE i.e. 1.01t00.14 Vvs RHE) in the dark or under irradiation (Figure
IV.26, left). In the dark, cathodic background currents are observed with a large wave at ca 0.58 V
vs NHE. For the same experiment but performed under light irradiation (Figure IV.26, left), a
cathodic photocurrent develops on this wave from 0.60 V vs NHE. The onset potential of the
photocurrent actually reflects the point from which light-driven hole injection in the NiO can
occur. In particular, this potential is located slightly below the edge of the VB, estimated at 0.46 V
vs NHE at pH 5.5 by a Nernstian correction in pH from ref'®.
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Figure IV.26. LSVs at the NiO-TPAT,NMI (left) and NiO-TPAT,NMI-Cocp (right) electrodes
recorded in the dark (black lines) or under light irradiation (red lines) in a MES 0.1 M/NaCl 0.1 M aqueous

buffer (pH 5.5) at a scan rate of 1 mV-s ™.
By subtracting the dark current from the current under irradiation, the relative photocurrent

density can be calculated. The values lay in the —0 to —2 pA-cm ° range over the scanned window

of potentials (Figure IV.27).
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Figure IV.27. Relative photocurrent densities as a function of the potential at the NiO-TPAT,NMI
(orange line) and NiO-TPAT,NMI-Coc;p (red line) electrodes in a MES 0.1 M/NaCl 0.1 M aqueous
buffer (pH 5.5) at a scan rate of | mV-s™".

The NiO-TPAT,NMI-Cocip electrode was investigated in a similar fashion (Figure IV.26,
right). In the absence of light, a large cathodic wave at ca 0.58 V vs NHE is observed, in a similar
way to that monitored on NiO-TPAT,NMI, and we have attributed that wave to the reduction of
Ni'" surface sites (see Chapter 1.2.2.2.1.2). A second, less marked wave is seen at 0.34 V vs NHE
(0.66 V vs RHE), which is not present at the control electrode. This process is possibly ascribed to
the Co™ to Co" reduction of Cocirp as also observed on TiO;-Coci1p (0.25 V vs NHE at pH ~ 6.4

i.e.0.63 V vs RHE, see Chapter 111.2.2.3.3).
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Under irradiation, a cathodic photocurrent builds up when the electrode is irradiated. The onset
is located at about 0.63 V vs NHE, slightly anodically moved (30 mV) from the one at the NiO-
TPAT,NMI electrode. A similar shift of the onset potential has been reported by Wu and co-
workers upon bridging a cobaloxime catalyst to a surface-anchored Ru(bpy);-like PS (see Chapter
1.2.2.3.2)."* These authors tentatively ascribed the shift of the onset photocurrent to the possible
electron transfer from the PS to the catalyst at the co-sensitized electrode.

For NiO-TPAT,NMI-Cocip the photocurrent features a sharp wave of maximal current
density —11.8 pA-cm ™ at 0.29 V vs NHE. This wave is not displayed at the NiO-TPAT,NMI
electrode. As a result, we attribute this wave to the presence of Cocyyp at the surface of the NiO-
TPAT,NMI-Cocqp electrode. The event translates in a maximal relative photocurrent density of
—6.2 pA-cm > at 0.27 V vs NHE i.e. 0.59 V vs RHE (Figure IV.27).

Finally, when potentials are swept more cathodically, the photocurrent densities diminish and
nearly reach dark current values (—1.2 pA-cm2) at—0.19 V vs NHE.

Collectively, the data from LSVs with or without light irradiation demonstrate that the
presence of the co-grafted Cocyip complex at the surface enhances the cathodic photocurrent at
the electrode. This observation suggests that a light-driven electron transfer occurs between NiO
and the catalyst, permitted through the photoexcitation of the dye. The process thus likely permits
the reduction of the bound Cociip entity. The next step was to identify if such

photoelectroreduction can lead to hydrogen evolution.

2.5.1.2. Chronoamperometric measurements

We conducted photoelectrocatalytic experiments in a closed electrochemical cell. The potential
is set at a given value and light is shined on the NiO-TPAT,;NMI-Cociip sample. During this
measurement, a Clark micro-electrode records the concentration of hydrogen in solution. As well,
aliquots of the headspace of the electrochemical cell are analyzed by GC at the end of the
chronoamperometry to check for hydrogen gas.

To optimize the photocurrent, we fixed the potential to values close to the maximum of the
relative photocurrents curve (Figure IV.27). In a first attempt, such an experiment was realized at
0.49 V vs RHE and the results are shown in Figure IV.28.

At start, the electrode is left to equilibrate in the dark for 650 s, during which no hydrogen
production is detected (Figure IV.28). This observation is however expected since in the absence
of an external driving force, the electrode poised at a potential more positive than RHE cannot

generate hydrogen.

226



Chapter IV

Then, light is switched on and a cathodic photocurrent develops. This photocurrent spikes at
—7.4 pA-cm 2, then decays to reach about —2 pA-cm ™~ after 600 s (Figure IV.28, top left). This
first period is likely attributed to capacitive phenomena at the NiO VB occurring upon irradiation.
Accordingly, no hydrogen is observed during this period (Figure IV.28, top right). Following this
first stage, the photocurrent slowly decreases until 22 000 s where it stabilizes around

—0.5 pA-cm * (Figure IV.28, bottom left).
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Figure I'V.28. Current density (left), charge passed (right, red lines) and H, produced as monitored by
the Clark microsensor (right, blue lines) during the first 10 000 s (top) and the whole measurement time
(bottom) of an electrolysis at the NiO-TPAT,NMI-Cocqp electrode recorded under light irradiation at an
applied potential of 0.49 V vs RHE, in a MES 0.1 M/NaCl 0.1 M aqueous buffer (pH 5.5). On the graphs
on the right, scales are adjusted so that the superimposition of both curves would correspond to 100%
faradaic efficiency. The sharp shift in the amount of charges passed observed at about 400 s (top right) is
due to a brief adventitious issue in the electrical connection of the working electrode.

From ca 1400 s after the irradiation has been started, the hydrogen concentration in solution
starts to rise, as monitored by the Clark micro-probe (Figure IV.28, top right). The hydrogen
produced for the first 5 000 s follows in a good fashion the theoretical amount deduced from the

charge passed, indicating a satisfactory faradaic efficiency (ca 80%). This trend steps down
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afterwards and the Clark micro-sensor indentified a decrease in dissolved hydrogen after about
8 000 s (Figure IV.28, top and bottom right). Until the end of the experiment, the hydrogen
concentration values slowly decay to almost return to the background values. Although the probe
showed an erratic (and not understood) fluctuation around 42 000-48 000 s, the decay in the
concentration of dissolved hydrogen is likely ascribed to an equilibration in the gas phase of this
species.

Before stopping the chronoamperometric measurement, light is switched off and a small
positive shift in current is seen, showing that the current observed until there was still
photoinduced.

At the end, a GC analysis of the headspace gave an estimated 49 nmol of hydrogen present in
the gas phase. This quantity correlates with an overall 23 % faradaic efficiency, quite low in
comparison to the one measured by the sensor at the beginning of the experiment. We note that
such figures correspond to very low values of hydrogen generated and thus detected in our GC
setup. Accordingly, any leak of H, from the cell might have a large impact on the faradaic
efficiency.

To foster the generation of hydrogen, we reproduced the same experiment but at a potential
exactly centered on the maximum relative photocurrent value (0.63 V vs RHE, Figure IV.27). The
experiment was replicated at several occurrences and the corresponding chronoamperometric
measurements are displayed in Figure IV.29. For all these experiments, the initial photocurrent
reaches higher value than the one observed at 0.43 V vs RHE. Also, in all cases, a decay over

several thousands of seconds is seen.
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Figure IV.29. Current density vs time for electrolyses at different NiO-TPAT,NMI-Cocqqp electrodes
(red, purple and wine lines) recorded under light irradiation at an applied potential of 0.63 V vs RHE in a
MES 0.1 M/NaCl 0.1 M aqueous buffer (pH 5.5). Faradaic efficiencies at the end of the irradiation by GC:
87% (purple line), 0% (wine line), not determined (red line).
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Despite these common features, clear divergences appear along this series of identical
experiments. Namely, the values of the photocurrents after 500 s of irradiation range between
—7.3 and —2.2 pA-cm 2. Also, the decay period observed to reach a stable current is about
10 000 s for one sample, whereas this decay is still ongoing at the end of the experiment for the
other two samples. Finally, the faradaic efficiencies measured by GC analysis at the end of the
different chronoamperometric measurements are 0%, 87% and an aberrant figure (superior to 100
%). These values are indeed quite dispersed and the question of the poor reproducibility of these
results in general will be discussed later. But the difference in faradaic efficiencies might
tentatively be explained by an inhomogeneous distribution of the hydrogen gas in the headspace
of the cell or a leak.

To gain insight in the origin of the divergence in monitored photocurrents and, possibly,
hydrogen production, a control experiment was run with the NiO-TPAT,NMI electrode that does
not bear the Cociyp catalyst. The photocurrent establishes at values similar to the one observed for
NiO-TPAT,NMI-Cociip (3.0 uA-cm_2 after 500 s of irradiation) but undergoes a much faster
decay (Figure IV.30) to almost reach 0 at the end of the chronoamperometry. Hydrogen evolution
could be detected by GC and resulted in a 98 % faradaic yield. Hydrogen production by NiO-
TPAT,NMI is in line with a report by Mozer and co-workers, in which NiO sensitized with a
similar push-pull organic dye evolves hydrogen from aqueous media under photoelectrochemical

conditions (see Chapter 1.2.2.3.3)."
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Figure 1V.30. Current density vs time for electrolyses at the NiO-TPAT,NMI-Cocyp (red line) and
NiO-TPAT,NMI (orange line) electrodes recorded under light irradiation at an applied potential of 0.63 V
vs RHE, in a MES 0.1 M/NaCl 0.1 M aqueous buffer (pH 5.5).

The faster decay in current observed on NiQ-TPAT,NMI is ascribed to a faster deactivation of
the electrode. Likely, this deactivation is attributed to the light-induced degradation of the dye in

the absence of a catalytic center able to rapidly extract photogenerated charges from the reduced
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state of TPAT,NMI. The deactivation process is longer on the co-sensitized electrode, which
tends to demonstrate that Cocyyp stabilizes the electrode in acting as the catalytic entity. This point
is also underlined by an improvement in relative photocurrents at the NiO-TPAT,NMI-Cociip
electrode compared to the NiO-TPAT,NMI one (Figure IV.27). Thus, we postulate that the loss
in photocurrent at the co-grafted electrode originates both from the degradation of the dye and a
slow deactivation or leach off of Cocyip from the NiO surface.

The question of the low photocurrent densities as well as the lack of reproducibility in currents
and faradaic efficiencies will be further discussed at the end of this section. But overall, we could
evidence here that a light-induced electron transfer from the NiO to the Coc11p catalyst occurs at
the irradiated NiO-TPAT,NMI-Cocyip electrode. Although the electrode intrinsic activity when
sensitized by the dye only, the co-grafting of Coc11p increases the photocurrent and its stability.
Such a co-grafted architecture generates hydrogen at potentials positive to RHE under light

irradiation.

2.5.2. NiO-RuP4-Cocqp clectrodes

The electrodes sensitized with RuP4 were subjected to a preliminary series of experiments, but

are still under investigation. First results are shown here.

2.5.2.1. Photoelectrochemistry
In the dark, the electrode decorated with RuP4 displays an identical electrochemical
background to that observed with the electrodes dyed with TPAT,NMI. Under irradiation, the
onset photopotential of NiO-RuP4 is found at 0.47 V vs NHE and the relative photocurrent
saturates about —2.5 pA-cm ° (Figure IV.31, left).
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Figure IV.31. LSVs at the NiO-RuP, (left) and NiO-RuP4-Cocyip (right) electrodes recorded in the
dark (black lines) or under light irradiation (red lines) in a MES 0.1 M/NaCl 0.1 M aqueous buffer (pH 5.5)
at a scan rate of | mV-s™.
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As observed for the TPAT,NMI-decorated electrodes, the onset photopotential shifts
anodically when Cociyp is co-grafted on the electrode. The photocurrent starts from ca 0.52 V vs
NHE and the relative photocurrent peaks at a maximal value of 4 pA-cm ™~ at 0.23 V vs NHE
(Figure 1V.31, right), as determined by subtraction of the curve recorded in the dark from that
recorded under irradiation.

Surprisingly, the onset photopotentials observed at the RuP4-functionalized electrodes are
more cathodic (110-130 mV) compared to their TPAT,NMI-functionalized counterparts. On the
basis of calculations, Pavone and co-workers recently proposed that the nature of the anchoring
group (COOH or POsH;) and the surface binding mode can influence the driving force of hole
injection into the NiO VB. Such effects give some rationale to the observed difference in onset

photopotential.’

2.5.2.2. Chronoamperometric measurement
The NiO-RuP4-Cociip electrode was also submitted to a constant potential electrolysis at
0.58 Vvs RHE, nearby the maximal relative photocurrent wvalue (0.23 Vvs NHE i.e.
0.55 V vs RHE). When light is shined, a photocurrent around —1.4 pA-cm * is established (Figure
IV.32). This photocurrent is quite stable over the measurement time, still at —1.2 pA-cm > after

17 000 s.
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Figure IV.32. Current density vs time for electrolysis at the NiO-RuP4-Cocyip clectrode recorded
under light irradiation at an applied potential of 0.58 V vs RHE, in a MES 0.1 M/NaCl 0.1 M aqueous
buffer (pH 5.5).

However, the GC analysis of the headspace did not reveal the presence of hydrogen at the end
of the experiment, due to a leak observed at the cathodic part. We also note that the values of the

photocurrents at NiO-RuP4-Cocqyp, either from LSVs or from chronoamperometry, are slightly
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inferior to that monitored at the NiO-TPAT,NMI-Cociip electrode. These observations can
indicate a less efficient photon-to-current conversion at the NiO-RuP4-Cocy1p electrode. This
phenomenon is consistent with a reduced molar absorptivity of RuP4 compared to TPAT,NMI
and the subsequent reduced absorbance of the sensitized electrode (A“““*% ™*(NiO-RuP4-
Cocirp) = 0.127 vs A% mX(NjO-TPAT,NMI-Cocyrp) = 0.282). Still, supplementary studies
are required to better assess the activity of the NiO-RuP4-Coc11p electrode, especially regarding

the detection of hydrogen and the comparison with the NiO-RuPy4 control electrode.

2.6. Discussion and outlook

From the set of structural characterizations presented above, we could demonstrate that the
attachment of a PS, TPAT,NMI or RuPy, along with Cociip at the surface of NiO is possible.
The competition for binding at the surface leads to a shared decoration of the surface. Importantly,
the molecular structures of both the dye and the catalyst are retained during the sequential
immobilization pathway, as demonstrated by the XPS and ToF-SIMS (TPAT,NMI) analyses at
the co-grafted electrodes. Yet, the quantity of Co complexes grafted onto NiO is decreased
roughly by a factor 2 upon sensitization of a PS and found in the 1-2 nmol-cm* range. At the
same time, the surface concentration of dye reaches only between a third and a half of the value
determined when the dye is attached alone on the mesoporous layer. Overall, the procedure used
for co-sensitization yields higher loadings in PS than in catalyst, in a ratio found in the range 2-10.
The exact balance of molecular species at the surface is still subject to caution, since the relative
decrease in surface densities have been found to differ according to the analytic technique used
(electrochemistry, UV-visible spectroscopy or XPS) for their estimations. Such differences might
originate from the diverse properties of the attached molecules probed by these techniques. While
CV can detect only electrochemically addressable moieties, the UV-visible spectroscopy pictures
the whole pool of coloured units attached to the mesoporous film and XPS scans the very top
surface of this film. An inhomogeneous decoration of the NiO surface could thus explain different
surface coverage values found for the same immobilized molecule. Given that UV-visible
spectroscopy and CV probe the whole thickness of the electrode, we believe that they lead to a
more accurate estimate in surface concentrations of the bulk electrode

The position on the surface of TPAT,NMI or RuPy in regard to Cocirp is not controlled here
and has possibly a substantial influence on the electronic communication between the PS and the
catalyst. But the final figure of merit for such architectures being the light-driven hydrogen

evolution, they were further assessed on a functional point.
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The control NiO-TPAT,NMI and NiO-RuP4 electrodes both generate photocurrents starting
from potentials nearby the edge of the NiO VB. In the case of NiO-TPAT,NMI the photocurrent
is related to the production of hydrogen in unity faradaic efficiency at 0.63 V vs RHE, likely
occurring via the excited dye, and that was also observed on similar dye-sensitized NiO
electrodes.'

The presence of Cocyip on the surface modifies the pattern of the photocurrent densities
observed by LSV with the appearance of a cathodic event around 0.6 V vs RHE. This event might
be correlated to the reduction of the catalyst at the Co' state that is permitted at such oxidative
potential through the photo-excited dye. Intriguingly, at potentials more cathodic, the relative
photocurrent values nearly reach back 0 pA-cm > This observation differs from other reported

examples of NiO-based molecular photocathodes,>"

which usually sustain the photocurrent
densities at negative potentials. As this feature is more marked on co-grafted electrodes, such
behavior can tentatively be attributed to the Cociip derivative. We therefore postulate that this
behavior pictures recombination processes fostered by the Co redox center, e.g. between an
electron transferred from the excited dye to the catalyst and relaxed holes present at the top of the
VB under the cathodic applied potential.

However, at potentials positive to RHE, the co-grafted NiO-TPAT,NMI-Cociip electrode
displays steady-state photocurrents that are catalytic for hydrogen evolution and enhanced
compared to those observed at the control NiO-TPAT,NMI electrode. This effect is noteworthy
since NiO-TPAT,NMI-Cocip is loaded with less than half of the dyes present on NiO-
TPAT,NMI (43 %). Such point further supports that the attached Cociip actually partakes in
improving the photoelectrocatalytic currents for proton reduction.

Still, the poor reproducibility of photocurrents and faradaic efficiencies in such
photoelectrocatalytic experiments is unclear and might originate from two aspects.

The first one is innate to the preparation of the electrodes. Among others, as said above, the
procedure used to co-sensitize the electrodes does not permit to rule the respective placement
between the catalyst and the dye at the surface. Especially, some preferential grafting sites can
generate inhomogeneities in the surface coverage and create irregular dye and/or catalyst loadings
that would differ from an electrode to another. A mapping of the surface, as performed via
resonance Raman on model dye-sensitized NiO electrodes,'* could give information in that
regard.

The second set of causes arises from the setup of the experiments. Indeed, we have observed
that the electrochemical signature of the attached Cocq1p complex is dependent on the cell utilized

and that it gives temperamental features in the PEC clamp cell. Thus, we cannot exclude that the
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same effect applies for the photoelectrocatalytic experiment and impart the current densities. Also,
we showed in 0 that the [Com(DO)(DOH)pnClz] can reduce O,. Especially, if the conditions are
not forced toward hydrogen evolution by applying a negative external potential, the complex can
turn over for ORR rather than HER. Such a poisoning effect has been monitored to a noticeable
extent with [COHI(DO)(DOH)anz]-decorated electrodes (see Chapter 11.3.2.2) operated at
current densities similar to that of the NiO-TPAT,NMI-Cociip photocathode
(—1 to —10 pA-cm ). The possible presence of adventitious residual oxygen trapped within the
NiO film can hence introduce an additional source perturbating the photoelectrocatalytic
measurements.

These points should give a partial solution to the question of the low reproducibility during
photoelectrocatalytic experiments.

On the other hand, we can remark generally that the steady-state photocurrents established at
the NiO-TPAT,NMI-Cociip clectrode (between —7.3 and —2.2 uA-cm_2 at 500 s) achieve H
evolution but are quite modest. Especially, a photocathode recently developed by L. Sun and co-
workers and built on a similar co-grafting pattern (see Chapter 1.2.2.3.3) gives current densities
around —30 pA-cm > at 500 s in a phosphate buffer at pH 7." ® Such a difference in the
photoelectrocatalytic performance is thus intriguing and putative explanations are reviewed here.

First, in the study by Sun and co-workers, the electrode is constructed with the P1 organic dye,
which is attached first (for 5 min), and a cobaloxime bound to the surface via a phosphonate
anchor, which is attached second (for 1 h), in a procedure reverse to ours. Although few
characterizations are presented, the surface loading in P1 can be estimated around 5 nmol-cm >
from the UV-visible spectrum of the co-sensitized NiO films. As TPAT,NMI is grafted onto
NiO-TPAT,NMI-Cocyip with a surface density about 10 nmol-cm 2 and as it is assumed to
display improved charge separation characteristics, we postulate that the LH/CS properties of the
dye on the electrode is not the origin of the moderate performances.

A possible limitation of our photocathode could then arise from the catalyst, which has a long,
flexible linker (9 aliphatic C atoms). Such feature is intended to position the catalyst at the top of
the TPAT,NMI layer, nearby the electron-acceptor part of the dye. But this linker may also favor
the charge recombination by enabling the movement of the reduced [Co(DO)(DOH)pnCl;] end to
come in contact with the NiO surface. In contrast, in the photocathode by Sun and co-workers, the
linker is smaller (4 aliphatic C atoms), but still flexible.

Additionally, Sun and co-workers used a phosphate buffer at pH 7 (0.05 M) in which the
cobaloxime is active for HER. In our case, the experiments are conducted at pH 5.5 (MES 0.1

M/NaCl 0.1 M) since the [Com(DO)(DOH)pnBrz] derivative we used has an increased activity in
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mildly acidic media. Shifting from pH 7 to pH 5.5 has been observed to result in a drastic loss of
the cathodic photocurrents for the reduction of a molecular HER pre-catalyst at a NiO electrode
sensitized with a Ru(bpy)-like PS (see Chapter 1.2.2.3.1).*° The authors attribute the loss of the
photocurrent upon acidification to a reduced driving force of hole injection between the HOMO of
the excited PS and the NiO VB. Such phenomenon likely originates from a downward band
bending at the NiO/electrolyte interface which occurs when the pH is decreased. A similar process
might take place to a certain extent with the NiO-TPAT,NMI-Cocip clectrode operated in the
MES buffer at pH 5.5, although photocurrents are still observed.

As well, an acidic electrolyte can facilitate the detachment of the dye or the catalyst by
displacing the equilibrium towards the protonation of the anchoring groups. The slow desorption
of the catalyst and/or the dye from the NiO surface would also explain the continuous decrease in
photocurrents monitored during photoelectrocatalytic experiments at NiO-TPAT,NMI-Cociip.
However, the good stability in acidic media of related dye backbones attached to NiO was
underlined elsewhere (see Chapter 1.2.2.3.3).1%

Also, light-driven chronoamperometries are performed at an oxidative potential (0.63 vs RHE
i.e. 0.31 vs NHE) at which electrochemical processes at the NiO surface coupled with hydroxyl or
proton exchange are observed.” *' Such surface processes might modify the binding of the
anchoring groups linking the molecules onto NiO. By contrast, in the study by Sun and co-
workers the electrolyses under irradiation are performed at more negative potentials (around 0 V
vs NHE) in a region where the NiO is in theory electrochemically silent.'*® Even if the expected
energetic savings is higher at quite anodic operating potentials, performing photoelectrocatalytic
experiments in a region where the NiO surface redox processes are absent would be an interesting
option.

Overall, important points for enhancing the light-driven hydrogen evolution and the stability at
the co-grafted NiO-TPAT,NMI-Cociip and, likely, the NiO-RuP4-Cocq1p electrodes have been
identified. The mingling of analytic techniques presented here gives insightful information on the
co-grafted electrodes at the molecular scale. Especially, these powerful tools can now be
harnessed to realize post-operando analyses of the photocathodes and gain understanding in the
origin of their deactivation. This step would then access the design of more stable DS
photocathodes. In particular, the interaction between the NiO surface and the electrolyte or the
anchoring groups is believed to play a major role on the efficiency and the robustness of the
electrode. Thus, the deposition of a layer passivating the decorated surface, e.g. by ALD, could

14a, 32

represent an interesting track to explore. Besides, alternative molecular structures might also

be envisioned. Such backbones will be the object of the final part of this manuscript.
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3. Dyecat: a covalent dye-catalyst assembly

The last approach presented in this manuscript to create molecular photocathodes for HER
consists in immobilizing a species that gathers a photosensitizing unit directly linked to a catalytic
one. This approach was previously explored by the group to build an entity containing a pyridine-
decorated Ru(bpy).(phen)-like photosensitizer bridged to a cobaloxime catalyst via a
supramolecular Co-pyridine bond.*® Under homogeneous conditions, such a system proved to be
more efficient for hydrogen evolution than the bimolecular analogue. Recently, this approach was
translated onto NiO surface by the group of Wu, which gave one of the first examples of NiO-

14
* However, the

based molecular photocathode catalyzing proton reduction (see Chapter 1.2.2.3.2).
systems developed to date rely on a supramolecular link between both units, possibly labile during
catalytic turnover. To improve stability, an option is to assemble the dye and the catalyst via a
covalent bond. With the background we had from previous studies on [COIH(DO)(DOH)anz]
catalysts and organic dyes, we attempted to create such a covalent bi-functional entity.

This project is lead in a shared income with J. Massin, post-doctoral fellow in the group. The
synthesis of the photosensitizing unit was developed by J. Massin, partially described in a
published work in Focus: Interface (appendix of this manuscript, Paper III),'* and further adapted
for the purpose of creating the dye-catalyst entity. The parts of synthesis related to the dye unit are
not described in the current manuscript. The assays to couple the photosensitizing and catalytic
parts together were realized in a common effort and will be shown here.

Due to challenges in organic synthesis, the route to create the desired dye-catalyst entity has
been successfully achieved only very recently. As such, we will present here a brief overview of

the results obtained.

3.1. Synthesis

The backbone of the photosensitizing part is adapted from the organic PS used in our previous
publication,12 which was inspired from the architecture of the O2 dye (see Chapter 12.222)*
The dye has a push-pull structure that couples an electron-donating triphenylamine moiety with a
thiophene unit. Two phenyl moieties bear fert-butyl carboxylic esters, the hydrolysis of which
should yield two carboxylic acid groups for the attachment onto NiO. The terminal thiophene is
functionalized for the purpose of coupling the catalytic part.
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3.1.1. First attempts

The first attempts described were not successful but served us to gain a better design of the
synthetic route. We give here only details of interest and do not report them in the experimental

part.

3.1.1.1. Knoevenagel reaction
The strategy we investigated first consists in derivatizing the catalytic unit with another
reactive moiety. In that aim, the Cocn complex (Figure 1V.33) was constructed via a pathway (not
shown) involving a CuAAC step and a Co-Cu exchange, inspired from the synthesis of Coci1p
(Chapter I11.2.1.2.2). This derivative displays a cyanoacetamide end with an activated CH, group.
This methylene group can react with the aldehyde moiety present on the TPA,T;CO PS unit
(Figure IV.33) in the Knoevenagel condensation.
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Figure 1V.33. Attempt for the synthesis of the dye-catalyst entity yielding an undesired and partially
identified TPA g, T1Copipe product.

Such coupling was realized in the presence of piperidine as a catalytic base. At the end of the
reaction, a product is precipitated by adding diethylether in the reaction mixture. The analysis of
the crude product by mass spectroscopy reveals the presence of an entity gathering both the PS
part and the Co complex one, but with a piperidine bound to the molecule. Also, the signal
corresponding to the methyl groups on the imino positions is split into two distinct singlets. This
observation tends to indicate an unsymmetrical modified diimine-dioxime ligand. Such point
might be explained by the nucleophilic attack of the piperidine on one imine position, as proposed
in Figure IV.33 (TPA@uT1Copipe, top structure). We note that addition of water on this imine
position has been recently reported on a similar diimine-dioxime cobalt complex. At the same
time, the NMR spectra does not contain the unshielded signal around 19 ppm usually assigned to
the proton of the O—H--O bridge in [Com(DO)(DOH)anZ]. This proton could not been
recovered even under highly acidic conditions (TFA). Thus, we could not exclude an alternative

structure in which the piperidine is directly coordinated to Co while the proton of the amine is
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involved into H bonds with oximato oxygen atoms (Figure IV.33, TPAguT1Copipe, bottom
structure). We were unable to exactly identify the structure of the obtained product but the use of
a nucleophilic base was clearly demonstrated to alter the first coordination sphere of the Co
complex. As the first coordination sphere is important for the activity of the catalyst, these
conditions were not further explored. Since non-catalyzed conditions proved unfruitful to couple

both parts, we switched to a different approach.

3.1.1.2. Click-chemistry: first assay
Here, we intended to directly join the catalyst via an azide-alkyne cycloaddition, also following
the synthetic scheme of Cocyip (Chapter 111.2.1.2.2). The dye was decorated with a terminal
alkyne on the thiophene end (TPA,T1, Figure 1V.34). This alkyne-functionalized dye was then
reacted with [CuH(DO)(DOH)N3pn]ClO4, the copper precursor of the [COHI(DO)(DOH)anz]

coordination sphere.
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Figure IV.34. First synthesis of the TPA,T;Cu dye-complex intermediate. M.W.: micro-wave (oven).

This AAC was realized under copper-catalyzed conditions. The reaction mixture was reacted in
a closed vessel inside a micro-wave oven, under elevated temperature (100°C) and pressure.
While the starting materials are not completely soluble at R.T. in the mixture of solvents used
(MeOH/water 2:1), the harsh micro-wave conditions likely favor their full solubilization. Washing
the crude reaction mixture with DCM gave a dark red solid. An analysis in mass spectroscopy of
this solid revealed the single presence of the expected TPA,TiCu intermediate. These
conditions thus prove quite effective to synthetize TPA,T1Cu.

However, this test was conducted on small quantities of starting materials and the amount of
TPAg,T1Cu was not sufficient enough to pursue the synthetic path. Hence, we decided to
reproduce the synthetic step on larger amounts. But the scale up of the reaction proved unfruitful,

likely due to solubility issues evoked above.
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3.1.2. Final route

We utilized different conditions that have been set up in our laboratory to couple hydrophobic
compounds with hydrophilic ones through CuAAC and successfully applied to related dyad
structures. These conditions rely on a biphasic mixture of DCM and water, led to a single
homogeneous phase by adding MeOH. Such a homogeneous mixture of solvents permits the
complete dissolution of the reagents and catalysts. With that procedure, we realized the click-wise
coupling of the TPAg,T; with the [CuII(DO)(DOH)N3pn]PF6 complex. This first step gave the
TPAg,T1Cu intermediate (Figure IV.35) that was used in one-pot for the next step. In this second
step, the substitution of Co™ for Cu" was made according to the procedure developed for the
synthesis of Cocy1p, but with an extended reaction time. The purification of the crude mixture
with chromatography over SiO, followed by a precipitation in NaBr-saturated solution afforded
the protected TPA,T1Co dye-catalyst entity bearing Br axial ligands (Figure IV.35).
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Figure IV.35. Synthetic route to the TPAT,Co (n = 1 or 2) immobilizable dye-catalyst entities. homog.
mix.: homogeneous mixture; TFA: trifluoroacetic acid.
Soaking the protected TPA,T1Co dyads in the presence of excess amounts of TFA for 4
hours resulted in the quantitative hydrolysis of fert-butyl carboxylic esters into carboxylic acids.

This last step thus successfully yielded the expected TPATCo dye-catalyst entity that displays

carboxylic anchoring groups for the attachment onto NiO.
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3.2. Characterization

Subsequently, we characterized the TPA,T1Co dyad, firstly using electrochemistry. The CV
in DCM of TPA,T;Co displays four events (Figure IV.36, purple line). In the anodic regime, a
reversible wave is observed at 0.68 V vs Fc™’°. This wave is ascribed to the oxidation of the TPA
donor part, by comparison with the electrochemical signature of the TPAg,T; dye (Figure IV.36,
red line) and is accordingly assigned to the HOMO level of the dye. In the cathodic window, the
TPA,T1Co features a first wave at —0.61 V vs Fc™® and a second reversible wave at —1.03 V vs
Fc. Given the electrochemical signature of the [CoIII(DO)(DOH)N3pnC12] control complex
under identical conditions (Figure IV.36, blue line), these events are ascribed to the Co™" and

Co™ couples at the [Co(DO)(DOH)pnBr;] moiety, respectively.
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Figure IV.36. CVs of [Co™(DO)(DOH)N;pnCl,] (blue line), TPAg,T;Co (purple line) and TPA g, T,
(red line) in nBuNPF¢ 0.1 M DCM electrolyte recorded at a glassy carbon electrode with a scan rate of
100 mV-s .

An irreversible cathodic wave monitored at E, = —1.70 V vs Fc'° (Figure IV.36, purple line) is
assigned to a reduction on the PS unit, by comparison with the CV of TPA,T; (Figure IV.36,

red line). A similar irreversible reduction has been observed on organic dyes with very close

structures and attributed to the reduction of the electron accepting group. Although the
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irreversibility of the process has not been explained to date, it denotes an intrinsic instability of
the electrochemically-generated radical anion.

On the dyad, we note that the signatures of the PS part are slightly cathodically shifted (20-30
mV), whereas the events attributed to the [COIH(DO)(DOH)pnBrz] complex are moved
anodically of 100-130 mV, compared to their respective monomolecular analogues. This
observation would be consistent with an increase in the electronic density around the Co center
upon coupling, and a corresponding small decrease on the dye. However, the electrochemistry is
performed in poorly dissociating DCM. Thus we cannot rule out that the difference in ancillary
ligands at TPA,T1Co and [Com(DO)(DOH)pnClz] (Br vs CI') might impact the potentials of
the redox events at the Co diimine-dioxime complex. Further investigations are ongoing to tackle

this point.
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Figure 1V.37. UV-visible spectra of TPA,T; (red line), TPA,T1Cu (green line) and TPA,T1Co
(purple line) in MeCN.

The UV-visible spectrum of the TPA,T1Co dyad (Figure IV.37, purple line) displays two CT
bands at 349 and 431 nm of molar absorptivities 33 630 and 31 757 M "-cm ™', respectively. This
signature is nearly identical to that of the TPA,T; dye and the TPA,T1Cu analogue (Figure
IV.37) that feature bands of similar intensity and centered at 429 nm (g(429 nm) =
32095M "cm™') and 433 nm ((e(433 nm) = 30436 M "cm™), respectively. Such signal is
characteristic of a HOMO-LUMO transition on the PS unit. Thus, the retainment of this band on
the dyads indicates that the covalent linkage of the diimine-dioxime Cu or Co complexes does not
mainly influence the LH ability of the PS part. This point also corroborates the minute shift in the
redox signature of the PS part observed in CV.

From the foot of the HOMO-LUMO band of TPA,T;1Co (550 nm), we could estimate an Eq.
value of ca 2.25 eV. This value permits to approximate the energy of the LUMO level at
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~1.57 Vvs F¢™. The LUMO level is more than 500 mV negative than the Co™" couple on
TPAg,T1Co, which should enable the reduction at the Co' state by the excited PS part, as
required for further HER catalysis.

Collectively, the data presented in this last part support that the LH properties are retained in
the TPA,T1Co dyad and further demonstrate that a light-driven reduction via the excited dye
moiety to the Co' state is possible. In this architecture, the electron transfer from the PS part to the
catalyst can only occur through non-conjugated bonds or through space. The global process of
light-driven hydrogen evolution implying successive electron and proton transfers, the kinetic
issues at such a dyad will be of major importance. Especially, the comparison between the
kinetics of dye-to-catalyst electron transfers, of unproductive recombination pathways and of
catalytic steps has to be investigated.

The synthetic pathway developed in this work further allowed us to prepare the bithiophene
analogue dyad TPAT,Co (Figure IV.35). This second dyad provides an interesting point of
comparison for drawing structure-property relationships, since increasing the number of thiophene
units on similar push-pull dyes proved to enhance charge separation.'’

As well, these dyecat dyads contain carboxylic acid groups for the purpose of immobilization
at the surface of TCOs. The assessment of NiO-immobilized dyads in photoelectrochemical

experiments therefore constitutes the step further.
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Conclusion

In this last chapter, we first selected the best NiO candidate for the assembly of a DS
photocathode for proton reduction based on light-harvesting properties and performance in p-
DSSC. The model photoelectrode constructed on the chosen NiO D2L-450 substrate by
sensitization with P1 was further translated for application in DS PEC. Adsorbing the
[Co(dmgBF,),(H,0),] catalyst at the surface of this electrode yields a DS photocathode that
generates —5 to —10 pA-cm > of photocurrent in neutral aqueous media. Although hydrogen
detection was not performed, such results proved encouraging for the creation of fully covalent
molecular photocathodes.

We then built the NiO-TPAT,NMI-Coci1p and NiO-RuP4-Cocyip co-grafted photocathodes,
following a stepwise immobilization procedure. The analyses by electrochemistry, UV-visible
spectroscopy, XPS and ToF-SIMS demonstrated that both catalyst and dye were present under
their intact molecular form at the surface. As well, we could estimate the surface coverage in each
species. These investigations revealed that the surface concentrations of dyes lay in the
10 nmol-cm™* range and are larger than that in catalyst by a factor 2 to 10.

The light-driven experiments led at the NiO-TPAT,NMI-Coc1p electrodes evidenced relative

2 at

photocurrents starting from 0.63 V vs NHE and displaying a maximum around —6 pA-cm
0.27 Vvs NHE. Long-term photoelectrocatalytic experiments around this potential, at values
positive to RHE, gave steady-state photocurrents between —7 and —2 pA-cm °, associated with
hydrogen evolution. Although the control NiO-TPAT,NMI electrode has an intrinsic activity for
light-driven HER, the presence of Cociip on the surface improves the activity and stability of the
photocathode, demonstrating the noticeable role of the co-grafted catalyst.

While the photocurrents are still modest, the analytic techniques exploited here to scan the
electrodes both from structural and functional perspective give us tools in hands to gain
understanding and subsequent improvement of these co-grafted photocathodes.

In parallel, the construction of molecular dye-catalyst dyads potentially immobilizable onto
surface can represent an alternative approach. This path was followed and the synthesis of
TPAT Co was successfully achieved. First characterization indicates that the light harvesting
ability is preserved in the dyad and that a light-driven electron injection into the
[Co™ (DO)(DOH)pnBr;] catalytic center is possible. The synthetic pathway also gave access to

the TPAT,Co analogue. These immobilizable dyecat entities open stimulating tracks for the

assembly of new NiO-based molecular photocathodes.
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Experimental part

The experimental part for Chapter IV.1 is described in the revised version of the manuscript
accepted for publication in Physical Chemistry Chemical Physics and added as an appendix of this
thesis (Paper IV)

Co-grafted photocathodes

Materials

Solvents, starting materials and supporting electrolyte salts were purchased from Sigma-
Aldrich and used without further purification, unless otherwise stated.

TPAp,TNMI and TPAT,NMI were synthetized and characterized by R. Brisse, PhD student
in the team of B. Jousselme at the Laboratory of Innovation in Surface Chemistry and
Nanosciences (CEA-Saclay, FRANCE).

RuPEty and RuP4 were synthetized and characterized by N. Queyriaux, PhD student in our
team (V. Artero’s team, Laboratory of Chemistry and Biology of Metals, CEA-Grenoble,
FRANCE).

Ni1O co-sensitization

The NiO substrates and the sintering procedure have been described in Chapter III. Alterations
to the procedure of sensitization are given here.

After sintering at 450°C, the plates were let to cool to ca 90°C. A first UV-visible spectrum of
the NiO electrodes was taken at this step. Then, the plates were put again in the still hot oven
(about 90°C) for 5 min.

The electrodes were further introduced in PTFE boxes containing 10 mL of a methanolic
solution 0.5 mM in the Cocy1p derivative (5 pmol). Between 3 and 6 plates were introduced in the
same box. The boxes were closed and the plates let to sensitize for at least 66 h on orbital stirring.
The plates were removed from the solution, washed by dipping them in pristine methanol for 10
min on orbital stirring and dried with N; to give the NiO-Cocyp electrodes. A second UV-visible
spectrum of the sensitized NiO electrodes was acquired at this stage.

The plates were further dipped in PTFE boxes containing a methanolic solution (10 mL) 0.5
mM in TPAT,NMI or 0.5 mM in RuP4, The boxes were closed and the electrodes let to sensitize
for exactly 2 h on orbital stirring. The plates were removed from the solution, washed by dipping

them in pristine methanol for 10 min on orbital stirring and dried with N, to yield the NiO-
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TPAT,NMI-Cociip and NiO-RuP4-Cocyip electrodes. A last UV-visible spectrum of the co-

sensitized NiO electrodes was taken.

NiO-Cociip control electrodes are kept after the first sensitization stage.

NiO-TPAT,NMI and NiO-RuP;, control electrodes were prepared from NiO plates sintered
with the same temperature program as described above, but let to cool to R.T. A first UV-visible
spectrum of the pristine NiO electrodes was acquired. Then, the plates were dipped into
methanolic solutions (10 mL) 0.5 mM in TPAT,NMI or 0.5 mM in RuPy, contained in PTFE
boxes, The boxes were closed and the electrodes let to sensitize for exactly 2 h on orbital stirring.
The plates were removed from the solution, washed by dipping them in pristine methanol for 10
min on orbital stirring and dried with N, to yield the NiO-TPAT,NMI and NiO-RuP,4 control

electrodes. Finally, UV-visible spectrum of the sensitized NiO electrodes was acquired.

Characterizations

ToF-SIMS and XPS analyses were carried out in the same manner as described in Chapter I1I.

UV-visible spectroscopy
UV-visible spectra of the plates were recorded with an Agilent Technologies Cary 60 UV-Vis
spectrometer. Spectra were taken just after sintering of the plates, after sensitization by Cociip
and/or after co-sensitization with TPAT,NMI or RuP4. For each spectrum, a baseline
corresponding to the related underlying glass|FTO support was recorded and automatically
subtracted from the spectrum of the electrode. Differential spectra were obtained by subtraction of

spectra prior and after sensitization with TPAT,NMI or RuPj.

Electrochemistry

General electrochemical methods are identical to that described in Chapter III. Alterations to

these methods are noted here.

Detection of grafted species
The electrochemical characterization of the plates was made in a three-electrode
electrochemical cell setup for photoelectrochemistry. The working electrode was the NiO-
sensitized substrate, priorly covered by a galvanoplastic scotch tape bearing a hole of 8 mm
diameter to determine the electroactive area (S = 0.5 cm?). Using a clamp, the working electrode

was pressed against a 9 mm diameter hole in the electrochemical cell, with an intercalary O-ring
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seal to ensure tightness at the junction. The electrical contact was taken at the FTO part of the
electrodes. The counter electrode was a titanium wire, separated from the working electrode
compartment either by a Nafion® N-117 (180 pm, 0.90 meq/g exchanging capacity) membrane in
the case of aqueous electrolytes or by a Vycor® frit in the case of organic electrolytes. The media
was degassed with a stream of N, or Ar at least 10 min prior to the measurements and the stream
was kept in the headspace during the measurement.

The electrolytes used were a NaCl 0.1 M aqueous solution and a nBuyNBF4 0.1 M MeCN

solution.

Photoelectrochemistry

Light source

The light beam was generated by a Newport ozone-free Xenon lamp operated at 280 W
mounted with a water filled Spectra-Physics 6123NS liquid filter for elimination of IR radiation
and a Spectra-Physics 59472 UV cut-off filter (A > 400nm). Incident light flux on the working
electrode was calibrated at 50 mW-cm™ (nearly equivalent to 1 sun) with a Newport PM1918-R
power-meter coupled to a Newport 919-020-12 photodiode or with a Newport Control 91150V
photodiode/power-meter setup. A Jeulin frequency generator was used to drive an automatic
shutter via a Newport electronic shutter controller in order to shine light at regular intervals in the

case of chopped-light measurements.

Linear sweep experiments
The electrochemical cell used is described above. The working electrode substrates were back-
irradiated. A stream of Ar or N, was bubbled in the electrolyte at least 10 min prior to the
measurement. A slow bubbling rate was maintained during the linear sweep voltammetry and the
electrolyte stirred. Linear sweep voltammograms were conducted at scan rate of | mV-s™, starting

from anodic potentials to cathodic potentials.

Chronoamperometric measurements under light irradiation coupled with
H; detection

A similar electrochemical cell was used. Additional necks on the cell permitted to introduce the
sensor for hydrogen detection and to sample aliquots of the headspace with a syringe for GC
analysis. The working electrode was the NiO-sensitized substrate joined to the cell in a similar
fashion as described above but with an electroactive area of S = 1.15 cm®. The media was
degassed at least 10 min prior to the measurement by bubbling of N, or Ar. Before starting the

experiment, the cathodic part of the electrochemical cell was tightly closed and the stream
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stopped. The electrolyte in the cathodic part was vigorously stirred during the
chronoamperometric experiment. A flux of N, or Ar was bubbled at the anodic part, separated
from the cathode by a Nafion® membrane, during the whole measurement time. The volumes of
electrolyte and headspace in the cathodic part were typically ca 10 mL and 8 mL, respectively. In
a typical experiment, the electrode was poised at the desired potential in the dark for 120 s before
light was shined on the sample.

The electrolyte used was a MES 0.1 M/NaCl 0.1 M aqueous buffer at pH 5.5.

Detection of dissolved hydrogen was performed through a Unisense H2-N in-needle Clark
micro-sensor dipped in the cathodic compartment. The sensor was calibrated and operated as

described in Chapter III.

GC analysis of the headspace was realized by sampling 50 pL of the headspace with a gas tight
syringe through a silicone/PTFE stopper. The content of the syringe was introduced into the
injection loop of a Perkin-Elmer Clarus 500 gas chromatograph equipped with a porapack Q
80/100 column (6° 1/8”) thermostated at 40 °C and a TCD detector thermostated at 100 °C. The
area under the H, peak permitted to access the concentration of hydrogen in the headspace

through a calibration curve plotted from known concentrations of H,.

Dyecat

The synthetic routes for the construction of the TPAT,Co dyads were imagined and developed
during this work in an joint project with J. Massin. The synthetic steps described here have been

optimized and scaled-up by J. Massin.

Synthesis

General synthetic methods and characterizations are identical to that described in Chapter III,
unless otherwise stated.

NMR spectra were recorded at 298 K in 5 mm o.d. tubes on a Bruker Avance Il spectrometer
equipped with a Prodigy cryoprobe and operating at 500.0 MHz for 'H and 126 MHz for "C.
Chemical shifts reported in ppm are given relative to TMS. 'H and C NMR spectra were

referenced internally to the residual solvent resonance.
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Synthetic route to the TPAT,Co (n = 1 or 2) immobilizable dye-catalyst entities. Step A: CuSO45SH,0
and sodium ascorbate in water/DCM/MeOH for 24 h at R.T.; Step B: CoCl,6H,0 in acetone under air
bubbling for 12 h at R.T.; Step C: TFA in DCM for 4 h at R.T.

Step A: CuAAC

General procedure A

The dye and [Cu(DO)(DOH)N3pn]PF¢ were solubilized in DCM under Ar. A solution of
CuS0O45H,0 and sodium ascorbate in dearated water was added. Then, Ar-degassed MeOH
was added to the biphasic mixture until a single phase was obtained. The reaction mixture was
stirred at R.T under Ar. After 24 h the solution was concentrated under vacuum yielding a
precipitate, which was filtered and washed with water. The solid was purified by flash
chromatography on silica gel using as eluent a mixture MeCN/aqueous KNOj solution at 10% of
the saturating concentration. The pure product was obtained after evaporation of MeCN in the
combined fractions and precipitation by addition of a KPFg-saturated aqueous solution. The
precipitate was filtered, washed with water and dried under vacuum to give a red brick solid,

which was used one-pot for the next step.

TPA;,T/Cu
The synthesis of TPAg,T1Cu was made according to the general procedure A. Quantities:
TPAw,T: (1 equiv., 150 mg, 0.22 mmol), [Cu(DO)(DOH)N;pn]PF¢ (1 equiv., 100 mg, 0.22
mmol), DCM (7.3 mL), CuSO45H,0 (0.3 equiv., 17 mg, 0.07 mmol), sodium ascorbate (0.9
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equiv., 41 mg, 0.20 mmol), water (3.7 mL), MeOH (12.3 mL). 177 mg (68% yield) of the product

were obtained as a red brick solid.

TPA;3,T>Cu
The synthesis of TPAg,T,Cu was made according to the general procedure A. Quantities:
TPAw,T2 (1 equiv., 150 mg, 0.22 mmol), [Cu(DO)(DOH)N;pn]PF¢ (1 equiv., 120 mg, 0.27
mmol), DCM (8.6 mL), CuSO45H,0 (0.3 equiv., 26 mg, 0.10 mmol), sodium ascorbate (0.9
equiv., 48 mg, 0.24 mmol), water (4.3 mL), MeOH (16.6 mL). 196 mg (59% yield) of the product

were obtained as a red brick solid.

Step B: Cu-Co exchange

General procedure B

TPA,T,Cu and CoCl,:6H,0 were solubilized in acetone and stirred under air bubbling.
After 12 h the solution was evaporated under vacuum and the solid was purified by flash
chromatography on silica gel using as eluent a mixture of MeCN and aqueous KNOj3 solution at
10% of the saturating concentration, then a solution of acetone saturated in Nal was added to
completely desorb the product from the silica gel. The desired fractions were combined and the
organic solvents were evaporated under vacuum, yielding a precipitate that was filtered and
washed with water. The solid was re-dissolved in acetone. To this solution a NaBr-saturated
aqueous solution (a third of the final volume) was added. The mixture was stirred at R.T. over the
week-end to allow the acetone to slowly evaporate, giving a precipitate. This precipitate was

filtered, washed with water and dried under vacuum to obtain the expected product as a pure solid.

TPAtBuTICO
The synthesis of TPA,T1Co was made according to the general procedure B. Quantities:
TPAg,TiCu (1 equiv., 160 mg, 0.14 mmol), CoCly:6H,O (7 equiv., 234 mg, 0.98 mmol),

acetone (24.5 mL). 95 mg (59% yield) of the TPA,T1Co product were obtained as an orange
solid.

"H NMR (CD;CN, 500 MHz): & (ppm) 19.23 (s, 1H), 8.28 (s, 1H), 7.88 (s, 1H), 7.80 (d, J =
8.6 Hz, 4H), 7.68 (s, 1H), 7.60 (d, J = 8.3 Hz, 2H), 7.38 (s, 1H), 7.23 (s, 1H), 7.08 (d, J = 8.3 Hz,
2H), 7.03 (d, J = 8.6 Hz, 4H), 5.71 (t, J = 9.7 Hz, 1H), 4.68 — 4.37 (m, 6H), 2.52 (s, 6H), 2.48 (s,
6H), 1.49 (s, 18H).
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BC NMR (CDsCN, 126 MHz): & (ppm) 177.32, 165.60, 161.60, 157.39, 152.73, 150.88,
148.05, 145.29, 144.76, 139.99, 135.62, 131.38, 129.32, 128.24, 127.56, 126.11, 124.87, 123.92,
123.51, 100.42, 81.25, 58.46, 55.50, 36.25, 30.83, 28.25, 18.52, 14.00.

HR-MS (ESI+): m/z caled for CsoHssBrCoN;oO7S 1077.2486; found 1077.2487 [M—Br*]+.

E.A.: calcd for C50HssBro,CoN;oO7S + 0.25 NaBr: C, 50.70; H, 4.68; N, 11.82; found: C, 50.91;
H, 4.87; N, 11.53.

TPA;,T>Co
The synthesis of TPA,T2Co was made according to the general procedure B. Quantities:
TPAp,T2Cu (1 equiv., 155 mg, 0.13 mmol), CoCly6H,0 (7 equiv., 220 mg, 0.91 mmol),
acetone (22 mL). 105 mg (67% yield) of the TPA,T1Co product were obtained as a red solid.

"H NMR (CD;CN, 500 MHz): & (ppm) 19.23 (s, 1H), 8.27 (s, 1H), 7.88 (s, 1H), 7.78 (d, J =
8.6 Hz, 4H), 7.62 (s, 1H), 7.53 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 3.4 Hz, 1H), 7.26 (m, 3H), 7.05 (d,
J = 8.3 Hz, 2H), 7.02 (d, J = 8.6 Hz, 4H), 5.70 (t, J = 11.2 Hz, 1H), 4.60 — 4.40 (m, 6H), 2.52 (s,
6H), 2.47 (s, 6H), 1.48 (s, 18H).

13C NMR (CD;CN/CD,Cl, 2:1, 126 MHz): § (ppm) 176.82, 165.14, 161.08, 156.90, 150.52,
146.48, 145.61, 145.34, 144.77, 144.01, 139.47, 134.73, 130.83, 129.72, 127.71, 127.06, 126.75,
126.10, 124.66, 124.56, 123.07, 123.02, 99.88, 80.69, 57.95, 54.99, 35.74, 27.75, 18.02, 13.50.

HR-MS (ESI+): m/z caled for Cs4Hs7BrCoN;9O7S; 1159.2363; found 1159.2369 [M—Br_]+.

E.A.: calcd for Cs4Hs7Br,CoN19O7S, + 2.35 NaBr: C, 43.74; H, 3.87; N, 9.45; found: C, 43.53;
H, 4.22; N, 9.19.

Step C: carboxylic ester deprotection

General procedure C
TPA,T,Co was solubilized in DCM and TFA was slowly added to this solution. The
mixture was stirred at R.T. for 4 hours and then evaporated to dryness. The solid was taken up in
DCM, filtered, washed successively with DCM and MeCN and dried under vacuum to obtain the

pure product.
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TPAT,Co
The synthesis of TPAT{Co was made according to the general procedure C. Quantities:
TPAT;Co (1 equiv., 35 mg, 30 umol), DCM (1.5 mL), TFA (30 equiv., 0.15 mL, 0.88 mmol). 28
mg (88% yield) of the TPAT;Co product were obtained as an orange solid.

'"H NMR (acetone-ds/DMSO-ds 3:1, 500 MHz): 6 (ppm) 19.40 (s, 1H), 12.64 (s, 2H), 8.47 (s,
1H), 8.40 (s, 1H), 7.96 (d, J = 8.7 Hz, 4H), 7.93 (d, / =4.1 Hz, 1H), 7.84 (d, /= 8.7 Hz, 2H), 7.71
(d, J=4.1 Hz, 1H), 7.25 (d, J = 8.7 Hz, 2H), 7.19 (d, J = 8.7 Hz, 4H), 5.85 — 5.77 (m, 1H), 4.77 —
4.49 (m, 6H), 2.74 (s, 6H), 2.57 (s, 6H).

BC NMR (acetone-ds/DMSO-ds 3:1, 126 MHz): & (ppm) 177.18, 167.24, 161.52, 156.79,
151.76, 150.72, 147.66, 143.94, 140.08, 135.45, 131.59, 129.34, 128.18, 126.34, 126.26, 125.06,
123.66, 123.48, 117.15, 101.39, 58.29, 55.47, 55.07, 35.95, 18.05, 13.55.

HR-MS (ESI+): m/z caled for C4,H39BrCoN;9O7S 965.1234; found 965.1235 [M—Brf]ﬁ

E.A.: calcd for C4H39Br,CoN9O5S + 0.8 NaBr: C, 44.68; H, 3.48; N, 12.41; found: C, 44.93;
H, 3.78; N, 12.06.

TPAT:;Co
The synthesis of TPAT,Co was made according to the general procedure C. Quantities:
TPAT,Co (1 equiv., 35 mg, 28 umol), DCM (1.5 mL), TFA (31 equiv., 0.15 mL, 0.88 mmol). 29
mg (90% yield) of the TPAT,Co product were obtained as an orange solid.

'"H NMR (acetone-ds/DMSO-ds 3:1, 500 MHz): & (ppm) 12.60 (s, 2H), 8.78 (s, 1H), 8.46 (s,
1H), 8.40 (s, 1H), 7.95 (d, J = 8.5 Hz, 3H), 7.89 (d, J/ = 3.7 Hz, 1H), 7.78 (d, J = 8.5 Hz, 2H), 7.61
(d, J=3.7 Hz, 1H), 7.58 (d, J = 3.8 Hz, 1H), 7.56 (d, J = 3.9 Hz, 1H), 7.23 (d, J = 8.5 Hz, 2H),
7.18 (d, J = 8.5 Hz, 4H), 5.81 (t, /= 11.8 Hz, 1H), 4.87 — 4.48 (m, 6H), 2.74 (s, 6H), 2.57 (s, 6H).

3C NMR (acetone-ds/DMSO-ds 3:1, 126 MHz): & (ppm) 177.33, 167.46, 161.62, 157.00,
156.93, 151.01, 146.85, 145.41, 145.32, 143.92, 140.29, 135.23, 135.08, 131.72, 130.27, 128.44,
127.67, 126.78, 126.30, 125.64, 125.28, 123.65, 123.53, 117.31, 58.45, 55.64, 55.24, 36.12,
18.18, 13.76.
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HR-MS (ESI+): m/z calcd for C46HyBrCoN;9O;S, 1047.1111; found 1047.1114 [M-Br ]".

E.A.: caled for C46H41Bro,CoNgO5S, + 1.65 NaBr: C, 42.55; H, 3.18; N, 10.79; found: C,
42.91; H, 3.39; N, 10.34.

Electrochemistry

Electrochemical data were acquired with a Biologic VSP 300 potentiostat. Electrochemical
measurements were conducted in a 3-electrode cell. The working electrode was a glassy carbon
electrode and the auxiliary electrode a Pt wire. A plain Ag wire dipped in the supporting
electrolyte served as pseudo-reference electrode, denoted below as Ag(I)/Ag(0). The supporting
electrolyte was 0.1 M nBusNPF¢ in DCM. The supporting electrolyte was degassed with a flow of
N, saturated with DCM at least for 5 min before the measurements. The N, flow was removed
from the solution but let in the headspace of the cell for the duration of the experiment. The
concentration of the compound of interest was 1 mM. Cyclic voltammograms were typically
conducted at a scan rate of 100 mV-s™.

The potential of the pseudo-reference electrode was calibrated after each experiment by adding
in the supporting electrolyte ferrocene, whose potential was measured as Er.yro) against the
Ag(I)/Ag(0) reference. Conversion of potentials against the Fc™”* couple are thus realized using

the following equation:
E s ey re0) = Evs agn/ag) — Ereny/Fe(o) Eqn.1V.2

UV-visible spectroscopy

UV spectra of compounds were recorded with an Agilent Technologies Cary 60 UV-Vis
spectrometer in a 1 cm optical light path quartz cuvette. The compounds of interest were dissolved

in MeCN at a concentration of 0.01 mM.
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Conclusion and perspectives

This work 1s focused on the implementation of the [COIH(DO)(DOH)anz] complex into light-

driven WS devices.

We knew from previous studies conducted in organic media that this complex is one of the
most efficient molecular catalyst for hydrogen evolution. A previous report proposed the use of a
quite acidic electrolyte (pH 2.2) for operation of this catalyst under fully aqueous conditions. We
could demonstrate that at such a pH the molecular complex actually degrades and yields a Co-
based nanoparticulate materials responsible for HER catalysis but the detection of which is
tedious. Besides, in a former work of the group, the cobalt diimine-dioxime complex was
covalently attached on a conducting substrate to create a highly active and stable GDL/MWCNT-
Co cathode for hydrogen evolution from midly acidic aqueous media (pH 4.5).

We further explored the operation of such cathode under PEC relevant conditions. With
oxygenic concentrations in the electrolyte, the reduction of oxygen is catalyzed by the supported
complex. However, this side-reduction does not impact the proton reduction catalysis occurring at
a more negative potential and the activity is retained under the conditions used that reflect the
startup of a PEC device. The GDL/MWCNT-Co electrode was then implemented into a tandem
device for overall water-splitting, along with a photoanode and DSSCs. While a model device
achieves unassisted light-driven water oxidation, photocurrents are also observed in the unbiased
final cell integrating GDL/MWCNT-Co.

These first studies served us as a starting point for the task of constructing photocathodes based
on [CoHI(DO)(DOH)anz]. At the beginning of this work, DS photocathodes for hydrogen
evolution were almost absent from the literature. The proof of concept has now been made, in this
work and by others, and some examples are reported. Yet, the efficient systems developed to date
all rely on a catalyst bound to the supporting TCO by a coordination link, which is usually labile.
In our studies, we sought to create derivatives of the cobalt diimine-dioxime complex for the
covalent attachment onto TCO.

Several functionalized [Com(DO)(DOH)anz] species have been synthetized, bearing
carboxylic or phosphonic acids as grafting moieties. They were first assessed for attachment onto
TiO,, as a benchmark TCO. From this study, we focused our work on the Cocip derivative
displaying a phosphonic acid anchoring group. With the income of the knowledge gained at
Cociip-decorated TiO; electrodes, we could translate our investigations to the attachment of the

catalyst onto p-type NiO substrate, relevant for the construction of photocathodes. A series of
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analytical characterizations confirmed the attachement of Cociip at the surface of NiO that also
displays a good stability in neutral aqueous media. Interestingly, we evidenced that the Co™"
process is electrochemically accessible on the NiO-Cocip hydrid electrode, although it is located
in a potential window where NiO is usually assumed not to be conductive. We attributed this
effect to electron-hopping between Co centers. To the best of our knowledge, this study
constitutes the first occurrence of electrochemical probing at an immobilized complex in the band
gap region of NiO. Besides, reaching the Co' state, thought as being the active state, gives good
hope to use Cocyyp into DS photocathodes.

Based on the best compromise in terms of NiO preparation, we thus explored co-grafted
architectures for HER photocathodes. In that aim, we exploited an engineered push-pull organic
dye (TPAT,NMI), since this type of backbone was demonstrated as particularly efficient in p-
type DS photocathodes for DSSCs. In parallel, an architecture relying on the RuP4 Ru(bpy)s-like
prototype photosensitizer was also constructed. The co-sensitization of NiO with Cocy1p and the
dyes was performed in a sequential process. A set of surface characterizations permitted to
validate the successful shared decoration of the NiO layer, with retainment of the molecular
structures of both entities once grafted.

The DS photocathodes were further assessed in PEC experiments. The electrodes showed onset
photocurrents at high anodic potentials. The presence of the co-grafted Cociip at the surface was
demonstrated to foster the light-driven electron transfer compared to the catalyst-free electrodes.
Poised at potentials around 0.5-0.6 V vs RHE the NiO-TPAT,NMI-Cociip photocathode
develops steady-state photocurrents in the —2 to —7 pA-cm ~ range that achieve catalytic hydrogen
evolution.

While these photocurrents are modest, future works should be dedicated to improve the co-
grafted architectures, for instance by varying the linker, the anchoring groups or the acidity of the
electrolyte.

We proposed that phosphonate moieties are partially grafted through strong P-O-Ni bonds and
we believe that key information are to be found in the binding modes of the anchors onto NiO,
which might be further deciphered through IR spectroscopy or modelling. Another track to
explore is the use of a passivating layer at the top of the NiO surface both to consolidate the
attachment and to limit the charge recombination. In this regard, photophysical studies would also
give insightful information concerning electron transfers at the surface.

Overall, the pattern of structural and functional characterizations developed in this work will

provide a convenient guidance in the improvement of the DS photocathodes.
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As an opening, the successful synthesis of a series of immobilizable dye-catalyst dyads was
achieved. The first characterizations provided evidenced that the covalent link used to gather the
dye and the [COIH(DO)(DOH)anz] complex does not modify the LH ability of the PS part, that
should enable light-driven reduction of the catalytic part. This work opens immediate and exciting

perspectives to generate new Hj-evolving DS photocathodes over the dyecat dyads.
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Chapitre I :  Introduction

A T’heure ou nos ressources fossiles s’amenuisent et ou les rejets carbonés anthoropogenes
génerent un réchauffement climatique aux conséquences non maitrisées, la recherche de sources
d’énergie renouvelables et un pas important vers une indépendance énergétique future. Parmi les
choix qui s’offrent a nous, l’utilisation d’une source abondante et ubiquitaire comme le
rayonnement solaire parait judicieuse. Bien que dix-mille fois supérieure a la consommation
humaine, cette source d’énergie connait néanmoins un inconvénient majeur, celui de
I’intermittence. Ainsi, pour une utilisation a grande échelle, le stockage de I’énergie solaire doit
étre considéré. Pour ce faire, produire via 1’énergie solaire un carburant, c¢’est-a-dire une espece
chimique a haute valeur énergétique, est une option attractive. En effet, un tel carburant, permet
non seulement de stocker I’énergie sur le long terme, mais également avec de bonnes densités de
stockage. Ce carburant, auquel la communauté scientifique a donné le nom de carburant solaire,
pourrait étre 1’hydrogene, obtenu par photoélectrolyse de [’eau. Dans ce processus, I’eau, autre
ressource abondante de notre planéte, est cassée en dihydrogene et dioxygene. L hydrogene ainsi
obtenu peut ensuite €tre recombiné avec 1’oxygeéne au sein d’un dispositif appelé pile a
combustible. Ce processus permet de restituer 1’énergie stockée sous forme de courant électrique,
tout en relargant un seul et inoffensif gaz d’échappement, I’eau. Ce cercle vertueux s’incrit dans le
champ de la photosynthese artificielle, puisqu’il s’inspire de la photosynthése naturelle qui
transforme 1’eau et le dioxyde de carbone atmosphérique en sucre et en dioxygene grace a 1’apport
de I’énergie lumineuse du soleil. Néanmoins, ces réactions nécessitent un apport supplémentaire
en énergie par rapport au strict minimum requis par la thermodynamique, nommé surtension.
Ainsi, pour effectuer de telles réactions, les systemes vivants sont dotés de machineries
extrémement efficaces qui permettent d’éliminer ces surtensions. Par exemple, la production
d’hydrogene a partir de 1’eau, ou plus précisément des protons de 1’eau, est catalysée par des
enzymes appelées hydrogénases. Ces enzymes effectuent de maniére réversible I’interconversion
des protons en dihydrogéne au potentiel de 1’équilibre thermodynamique du couple H'/H,."! Pour
contourner I’utilisation du platine, un métal rare et cher, comme catalyseur, certains chimistes ont

développé selon une approche dite bio-inspirée des molécules incorporant des métaux abondants
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et qui reproduisent certains aspects fonctionnels des hydrogénases. Ces catalyseurs permettent de
réduire les protons en dihydrogene a de faibles surtensions.

Au sein de notre laboratoire a été mis au point un catalyseur constitué¢ d’un centre métallique
de cobalt chelaté par un ligand tétradente diimine-dioxime N,,N,-propanediylbis(2,3-butanedione
2-imine 3-oxime), abrégé (DOH),pn, et deux ligands axiaux L. Ce complexe diimine-dioxime de
cobalt, noté [Co(DO)(DOH)pnL;] (L = CIl, Br) et représenté Figure R1, a été mis en évidence
comme 1’un des catalyseurs moléculaires les plus performants pour la réduction des protons.” De
manicre intéressante, il a pu étre immobilisé par un lien covalent a la surface d’un matériau
d’¢électrode fait d’une membrane a diffusion de gaz (GDL) sur laquelle est déposé un film de
nanotubes de carbone multi-paroi (MWCNT) emprisonnés dans du Nafion®, un polymeére
conducteur de protons. La cathode GDL/MWCNT-Co (Figure R1) ainsi obtenue a démontré
I’¢électroréduction des protons en hydrogéne depuis un milieu totalement aqueux a un pH
modérément acide (4.5), avec de trés bonnes performances tant d’un point de vue de la rapidité
des cycles catalytiques que de la stabilité.* Cette architecture au sein de laquelle le catalyseur est
supporté présente un intérét tout particulier pour DIintégration en cellule compléte de
photoélectrolyse de I’eau (PEC) effectuant d’un coté la production d’hydrogene et de 1’autre la
production d’oxygene.

A coté de cela, I'utilisation de la lumiere comme unique source d’énergie pour réaliser la
réduction des protons est possible moyennant 1’ajout d’une entité photoactive a I’¢électrode. Pour
ce faire et prenant appui sur les résultats précédents, le travail présenté ici s’intéresse a
I’immobilisation du catalyseur [Co(DO)(DOH)pnX;] a la surface d’un matériau transparent et
conducteur, par exemple un oxyde métallique transparent conducteur (TCO), sur laquelle sera
aussi introduit un photosensibilisateur. Cet objet porte le nom de photocathode sensibilisée par un
colorant (DS photocathode) pour la production d’hydrogéene.

Cette approche va donner le cadre des travaux de thése développés ici, dont le but est de
construire des cathodes et photocathodes moléculaires de production d’hyrogéne a visée
d’intégration dans des cellules completes de photoélectrolyse de 1’eau. Cette dissertation
s’articulera autour de trois axes :

- Dans un premier temps, nous nous intéresserons aux conditions opératoires aqueuses (I’eau
étant le solvant de choix) du catalyseur [Co(DO)(DOH)pnL;], qu’il soit en solution
homogene ou supporté. Nous décrirons d’abord D’activité du catalyseur en présence
d’oxygene dans [’électrolyte. D’autre part, nous discuterons la nature de 1’espéce

catalytique en milieu aqueux acide. Enfin, nous présenterons les premiers essais
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d’intégration de la cathode GDL/MWCNT-Co en cellule tandem de photoélectrolyse de
’eau.

- Dans un second temps, nous décrirons nos travaux visant a créer des matériaux cathodiques
en immobilisant le complexe [COIH(DO)(DOH)anz] sur TCO. Des dérivés nouveaux du
catalyseur portant des fonctions dédiées a I’ancrage sur surface de TCO seront présentés.
La caractérisation des électrodes ainsi préparées sera ensuite détaillée.

- Pour finir, la mise au point de photocathodes moléculaires sur surface d’oxyde de nickel
(NiO), un TCO de type p, sera plus largement développée. Le choix du NiO utilisé sera
d’abord rationnalisé. Puis, la construction de photocathodes par co-greffage d’un dérivé du

III(DO)(DOH)anz] et d’un colorant sera présentée. Les caractérisations

catalyseur [Co
structurales et fonctionnelles de ces entités seront données. Enfin, la synthése d’une espece
moléculaire associant de maniere covalente un colorant et un catalyseur et qui peut étre

attachée sur surface sera décrite, avec les caractérisations moléculaires associées.

S

; Nadet N TON,
N( | \N_O/'

N | 7

|
L

[Co(DO)(DOH)pnL,]

GDL/MWCNT-Co

Figure R1. Représentations du complexe [COIH(DO)(DOH)anz] et de I’¢lectrode hybride
GDL/MWCNT-Co.
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Chapitre IT: De la catalyse en milieu aqueux a I’intégration en
dispositif

Dans ce chapitre nous nous intéressons aux propriétés du catalyseur [Co™ (DO)(DOH)pnL;]
au regard de son intégration en dispositif.

Dans un premier temps, nous avons pu montrer que le catalyseur se dégrade, s’il est opéré a
bas potentiels en conditions acides (pH 2.2) aqueuses homogénes. Cette dégradation forme des
nanoparticules a base de cobalt (Figure R2, gauche) qui sont responsables de 1’activité
d’¢électroréduction des protons. Néanmoins, 1’observation de ces nanoparticules demande des
précautions particulieres. Notamment, dans le cadre d’une procédure de test de ringage, les
nanoparticules se redissolvent (Figure R2, droite) et 1’activité catalytique est perdue.
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Figure R2. Image de microscopie électronique a balayage (SEM) du dépot nanoparticulaire a base de
cobalt (particules rondes) formé par équilibration d’une électrode de carbone vitreux (GCE) a —0,57 V vs
RHE pour 1 heure en tampon phosphate 0,1 M a pH 2,2 et 0,3 mM en [Co™ (DO)(DOH)pnCl,] (gauche)
et spectres d’analyse dispersive en énergie a rayons X (EDX) des nanoparticules a base de cobalt (trait
rouge) et du substrat (trait noir) enregistrés sur 1’¢lectrode de la figure de gauche et de la surface de
I’¢lectrode apres ringage dans 1’eau distillée (trait violet) (droite).

Par contre, la structure du complexe moléculaire est conservée s’il est immobilisé sur un
matériau d’électrode et son activité catalytique maintenue.® Cette observation est d’autant plus
intéressante que le catalyseur supporté garde 1’activité de réduction des protons méme en présence
d’oxygeéne dans le milieu d’¢lectrolyse (Figure R3), comme cela pourrait étre le cas dans une

cellule PEC compléte.
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Figure R3. Voltampérogrammes a balayage linéaire (LSV) a une GCE décorée par des MWCNTs
fonctionnalisés par le complexe [Com(DO)(DOH)pnClz] (traits bleus) ou sans le complexe (traits verts)

enregistrés dans un électrolyte tampon acétate 0,1 M a pH 4,5 saturé en O, (traits pleins) ou en N, (traits
pointillés) & une vitesse de balayage de 10 mV-s™".

Ainsi, nous avons été amenés a introduire notre électrode GDL/MWCNT-Co au sein d’une
cellule tandem, dans le cadre d’une collaboration avec 1’équipe de D. Gust a Arizona State
University. Dans ce dispositif, la cathode a été associée avec des cellules solaires a colorant
(DSSCs) de type TMP et une photoanode ZnP/BIP/IrO, faite d’un photosensiblisateur
moléculaire et de nanoparticules d’oxyde d’iridium comme catalyseur d’oxydation de 1’eau
(Figure R4).

Un systeme analogue modele a démontré 1’oxydation de 1’eau avec de bons rendements
faradiques. Néanmoins, la réduction des protons n’a pu é&tre observée a la cathode
GDL/MWCNT-Co intégrée dans le dispositif, du fait de la présence d’oxygene résiduel et des

faibles courants générés sous irradiation.
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Figure R4. Schéma de la cellule tandem éaborée rassemblant la cathode GDL/MWCNT-Co de
production d’hydrogéne, une DSSC TMP et la photoanode ZnP/BIP/IrO, de production d’oxygene.

Ces premiers essais d’uitlisation du catalyseur en dispositifs fonctionnels de photoélectrolyse

de I’eau nous ont fait cheminer vers 1’intégration directe d’une entité photoactive a la cathode.
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Chapitre II1 : Vers I’ancrage de complexes diimine-dioxime de
cobalt sur oxydes transparents conducteurs

Dans un premier temps, nous avons synthétis¢é une série de dérivés du complexe
[Co™(DO)(DOH)pnL,] portant des groupements d’ancrage acide carboxylique ou phosphonique.
Ces groupements ont été choisis car ils sont connus pour permettre I’attachement sur des surfaces
d’oxydes métalliques transparents conducteurs.’

Parmi ces dérivés, la synthése du complexe Cociip (Figure R5) a été effectuée, en mettant en
ceuvre un couplage par cycloaddition de Huisgen catalysé au cuivre, suivi de la substitution du

cuivre par le cobalt dans la sphére de coordination du complexe.
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Figure RS. Schéma de synthése du dérivé Cocyp portant un acide phosphonique. R.T.: room
temperature (température ambiante).

Ce dérivé a d’abord été immobilisé sur surface d’oxyde de titane (Ti0;) mésoporeuse, un TCO
modele. Cette €lectrode hybride a été caractérisée par €lectrochimie et spectroscopie a émission de
photoélectrons a rayons X (XPS) et I’attachement du complexe moléculaire sur la surface a pu
étre validé.

Cette approche a ensuite €té translatée au greffage du méme dérivé sur surface mésoporeuse
d’oxyde de nickel (NiO), un TCO de type p. Le complexe a été greffé selon la procédure décrite
Figure R6. Identiquement, 1’¢lectrochimie, I’analyse spectrométrique de masse en surface (ToF-

SIMS) et I’analyse XPS confirme la présence du dérivé ancré sur NiO.
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Figure R6. Préparation des ¢électrodes NiO-Cocyip.
Une vague ¢électrochimique liée au dérivé immobilisé est observée aux potentiels négatifs sur la

surface de NiO (Figure R7, gauche), alors méme que la conduction électronique est interdite a ces

potentiels a la surface d’un tel semi-conducteur de type p.
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Figure R7. Voltampérogrammes cycliques (CV) d’une électrode NiO vierge (trait noir) et d’une
électrode NiO-Cocyyp (trait bleu) a 100 mV-s ' (gauche) et spectres UV-visible différentiels a 1I’électrode
NiO-Cociyp équilibrée a —0,44 (trait magenta), —0,54 (trait rose), —0,64 (trait rouge), —0,74 (trait mauve), —
0,84 (trait bleu), —0,94 (trait violet) et —1,04 (trait bleu foncé) V vs NHE, aprés soustraction du spectre de
I’électrode équilibrée a —0,34 V vs NHE dans les mémes conditions (droite), enregistrés en électrolyte
aqueux NaCl 0,1 M.

La spectroélectrochimie UV-visible d’une lame NiO-Cociip (Figure R7, droite) nous a permis

/1 r I
' du complexe ancré. Nous avons proposé que

de montrer que cette vague est celle du couple Co
cet évenement chimique soit accessible via un phénomene de saut d’électrons.

En tout cas, I’observation du complexe greffé de maniere stable sur la surface de NiO nous a
encouragés a co-immobiliser un photosensibilisateur pour créer une photocathode moléculaire de

production d’hydrogene.
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Chapitre IV : Construction de photocathodes moléculaires de

production d’hydrogene

Dans cette derniere partie, nous avons préparé des photocathodes moléculaires pour la

réduction des

protons.

D’abord, des architectures basées sur une approche de co-greffage séquentiel d’un catalyseur

et d’un colorant ont été mises au point. Par exemple, le colorant organique TPAT,NMI a été co-

immobilisé sur NiO avec le dérivé Cocrip (Figure R8). Le bon ajustement des niveaux d’énergie a

pu étre validé d’apres les données obtenues sur les différentes entités (NiO, colorant, catalyseur)

prises séparément.
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Figure R8. Diagramme schématique des niveaux d’énergie en jeu a la photocathode NiO-TPAT,NMI-

Cociip.

La présence des deux entités de manic¢re concomitante sur la surface a pu étre démontrée par

différentes techniques d’analyse (électrochimie, spectroscopie UV-visible, XPS, ToF-SIMS).

Notamment, 1’¢lectrochimie nous montre que le complexe de cobalt Cocyyp est bien observé sur

I’électrode co-greffée (Figure R9, gauche). D’autre part, la spectroscopie UV-visible nous permet

aussi de conclure que le colorant est également présent (Figure R9, droite) sur cette électrode.
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Figure R9. CV a I’¢lectrode NiO-Cocyp (trait bleu) et a I’¢électrode NiO-TPAT,NMI-Cocyp (trait
rouge) enregistrées en électrolyte aqueux NaCl 0.1 M a 10 mV-s™' (gauche) et spectres UV-visible de
I’¢lectrode NiO-TPAT,NMI (trait orange) et de I’¢électrode NiO-TPAT,NMI-Cocyp (trait rouge) (droite).

Cette électrode a ensuite été caractérisée de manicre fonctionnelle. Sous irradiation lumineuse,
un photocourant a pu étre observé a partir de 0,60 V vs NHE (Figure R10, gauche). Ce
photocourant est également observé si 1’électrode est équilibrée pendant un temps long a un
potentiel supérieur a 1’équilibre thermodynamique H'/H, (Figure R10, droite). D’autre part, ce
photocourant se trouve augmenté lorsque le catalyseur est co-greffé sur la surface. Bien que la
valeur et la reproductiblit¢ des photocourants soient encore a améliorer, la production

photoélectrocatalytique d’hydrogene a pu étre validée lors de telles expériences.
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Figure R10. LSV a I’¢lectrode NiO-TPAT,NMI-Cocyip dans le noir (trait noir) et sous irradiation
lumineuse (trait rouge) a 1 mV-s™' (gauche) et chronoampérométries a 0,63 V vs RHE sous irradiation
lumineuse a 1’¢électrode NiO-TPAT,NMI-Cocyp (trait rouge) et a I’électrode NiO-TPAT,NMI (trait
orange) (droite) enregistrées dans un tampon aqueux MES 0.1 M/NaCl 0.1 M (pH 5.5).
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L’approche consistant a directement unir le photosensibilisateur et le catalyseur au sein d’une
méme entité moléculaire greffable sur surface a été abordée en clture de ces travaux. La synthese

des dyades dyecat TPATCo et TPAT,Co est présentée en Figure R11.
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Figure R11. Synthése de dyades colorant-catalyseur greffables sur surface.

Les caractérisations moléculaires (spectroscopie UV-visible, électrochimie) ont mis en
évidence que les propriétés de capture de lumiere n’étaient pas altérées dans la dyade
TPA,T1Co par rapport au colorant TPA,T1 de départ. Egalement, les niveaux d’énergie
¢lectronique au sein de la dyade sont a priori favorables a 1’injection d’électrons depuis 1’état
photoexcité de la partie photosensibilisatrice vers la partie catalytique.

Ces dyades pourront par la suite étre greffées sur surface de NiO pour générer de nouvelles

architectures de photocathodes moléculaires pour la production d’hydrogene.
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Conclusion et perspectives

Ces travaux de thése ont ¢été articulés autour de Dintégration du complexe
[Co™(DO)(DOH)pnL,] en architectures pour la production photoélectrocatalytique d’hydrogéne.

Différentes conditions opératoires dans 1’eau, solvant de choix, ont été examinées. En milieu
acide aqueux, le complexe en solution homogéne se dégrade pour donner des nanoparticules
responsables de 1’activité catalytique. A 1’opposé, son activité est maintenue, méme en présence
d’oxygene, s’il est immobilisé sur électrode. Une telle électrode portant le catalyseur supporté a
d’ailleurs été mise en jeu dans la construction d’une cellule tandem de photoélectrolyse compléte
de I’eau.

D’autre part, de nouveaux dérivés du complexe portant des groupements pour 1’attachement
sur oxydes transparents conducteurs ont été synthétisés. Le complexe fonctionnalis¢é Cocyip a
d’abord été greffé et caractérisé sur surface de TiO, mésoporeux, un TCO modele. Puis,
I’immobilisation du complexe sur NiO a ét¢ démontrée. Nous avons pu confirmer que le couple
Co™ du complexe greffé était électrochimiquement accessible sur 1’électrode et nous avons
propos¢ que cela soit di a un phénomene de saut d’électron.

Dans une dernicre partie, nous avons associé sur surface de NiO le complexe Cocy1p avec des
photosensibilisateurs pour créer des architectures co-greffées. Nous avons mis en évidence que les
deux especes (catalyseur et colorant) étaient présentes de maniére concomitante a la surface de ces
¢lectrodes. La photocathode NiO-TPAT,NMI-Coc11p développe des photocourants cathodiques
depuis des potentiels supérieurs a 1’équilibre thermodynamique H'/H, et qui sont associés a la
production d’hydrogene.

Enfin, des dyades regroupant de maniére covalente un colorant et un catalyseur ont été
synthétisées. Les caractérisations moléculaires montrent qu’un transfert photoinduit d’électrons
vers le catalyseur est possible. Ces dyades portent des groupements d’attache sur surface et

représentent donc une nouvelle opportunité de créer des photocathodes moléculaires originales.
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Addendum to Chapter I11.3.2.1.

We demonstrated in Chapter III that Cocyyp is attached to the surface of NiO. In section
3.2.1.4., we attributed through UV-visible spectroelectrochemistry the redox event observed at
—0.37 V vs NHE on the NiO-Cociip to the Co™ event. We further proposed that the redox

" wave was allowed in this insulating region of NiO through electron hopping

probing of the Co
between adjacent immobilized Cociip. The electron hopping mechanism is expected to infer a
charge-diffusional behavior." In this Addendum, we calculated the apparent diffusion coefficient
D, (given in section 3.2.1.3.) related to the overall charge-transfer processes at the interface and
that includes the hypothetized electron hopping mechanism.

First, we will restrict here our investigations to the cathodic wave from Co" to Co'. We
consider here the height of the wave, instead of the peak current, by subtracting the background

current related to non-faradaic events.

"'

4 7 R =0.99984

i2(10° AY)

P

ip2= 2010%. v +5210™

T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25
Scan rate v (V-s™)

Figure II1.23.bis. Square baseline-corrected peak current as a function of the scan rate (dots) with
associated linear fit (dashed lines) for CVs recorded at a NiO-Cocyp electrode in a NaCl 0.1 M aqueous
electrolyte.

As shown in Figure II1.23.bis, the square height of the cathodic wave displays a well linear
dependence in scan rate over the whole range studied. This observation is indicative of a
diffusion-limited process occurring at the interface. The experimental data are fitted with a linear

function of slope: a =2.0 10°° A%s V.

! Savéant, J. M., Elements of Molecular and Biomolecular Electrochemistry, Wiley:2006, p. 284-287.



Modelling the process by a single electron transfer at the interface under diffusion-limited

conditions, the peak current might be related to the scan rate through the following equation:”

, 0.4462-F3.C}-S?
b R-T “Depp v

Eqn.IILbis.1.

where C,, is the concentration in redox species in the bulk of the solution (in mol-cm™), Dgyp
the apparent diffusion coefficient of the redox species (in cm®s ') and S the surface of the
electrode (in cm?), others terms being defined in the parent manuscript.
The apparent diffusion coefficient may thus be recovered as such:
p = a'R-T
0.4462-F3-C%- 52

Eqn.IILbis.2.

To obtain the apparent diffusion coefficient, we considered the electron hopping process
starting from the FTO back-contact and diffusing within the mesoporous NiO film. Hence, the C,
concentration has been assumed in first approximation as the [Coci1p]nio concentration of grafted
Coci1p within the NiO layer. This concentration might be obtained knowing the surface coverage

in Coc1ip ( cocip) and the thickness [ of the NiO film, through:

T,
[Coci1plnio = CO?IP Eqn.II1Lbis.3.

Considering a diffusion-controlled process, the surface coverage cannot be directly obtained by

integration of the Co™'

wave. Instead, we used UV-visible data obtained at the NiO-Cociip
electrode after reduction of the immobilized catalyst to the Co' state shown in Figure IIL.25, left.
In that aim, we first estimated the molar absorptivity of the [Co"(DO)(DOH)pn] model complex
in solution by recording spectroelectrochemistry starting from the [COHI(DO)(DOH)pnBl‘z] one

under homogeneous conditions (MeCN, TBAPFs 0.1 M). We could determine a molar

Co(l)
601 nm

absorptivity coefficient at maximal absorbance 601 nm of ¢ ~ 8300 L'mol "-cm™". Using
equation Eqn. IV.1 (see main manuscript) and the UV-visible signature of the reduced NiO-

Coci1p electrode shown in Figure II1.25, left (main manuscript) the surface loading in Coc1p was

* Savéant, J. M., Elements of Molecular and Biomolecular Electrochemistry, Wiley: 2006, p. 7.
Bard, A. J.; Faulkner, L. R., Electrochemical methods: fundamentals and applications. Second ed.;
Wiley: 2001, p. 231.



estimated at I 'c,c;p = 4.5 nmol-cm 2. The thickness of the NiO film is ca 1.75 um, which yields a
concentration in Cocyyp in the NiO film [Coci1p]nio = 2.5 umol~cmf3 .

The apparent diffusion coefficient was then calculated formally assuming the surface of the
FTO back-contact as S = 1 cm?® (geometric surface of the electrode studied). The experiment
being conducted at room temperature, T was taken as 298 K.

We could thus obtain the value of the apparent diffusion coefficient:

— .10-8 Fm2 . o1
app = 44 107 cm” - s

D
Although the electron hopping process has not been reported to date at the surface of NiO, the
value of the diffusion coefficient is in the same order of magnitude than values reported for
charges hopping at the insulating region of electrodes, namely at the surface of mesoporous
TCO.? This value is also orders of magnitude higher than that observed for species adsorbed
within mesoporous semi-conducting films for which the charge transport is limited by the
physical diffusion of the redox active species throughout the film to the conductive back-contact.*
Overall, this analysis comes as an addendum to Chapter III and clarifies the conclusions:
- Cocp is firmly bound to NiO surface, as shown by a stable electrochemical feature
(Figure I11.22) and a sustained UV-visible signature at the reduced Co' state (Figure
II1.25) in neutral aqueous media, as well as by the suggestion of strong Ni-O-P bounds
from the ToF-SIMS analysis (Figure 111.20).
- The scan rate dependence at NiO-Cocyip does include a diffusion-limited process
namely attributed to the postulated electron hopping mechanism.

- The apparent diffusion coefficient is found at 4.4 10~ cm?s |

. This value is in good
line with the one observed for other examples of charge hopping through mesoporous

TCO films.

3 Bonhote P. et al. J. Phys. Chem. B 1998, 102, 1498-1507.
* Renault C. et al. PCCP 2015, 17, 10592.
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CONSPECTUS: Mimicking photosynthesis and producing solar fuels is an
appealing way to store the huge amount of renewable energy from the sun in a
durable and sustainable way. Hydrogen production through water splitting has been , B
set as a first-ranking target for artificial photosynthesis. Pursuing that goal requires . \Nﬁ‘
the development of efficient and stable catalytic systems, only based on earth /O/N-”—/C(S:“N m—

abundant elements, for the reduction of protons from water to molecular hydrogen. H\O N \IT]\

Cobalt complexes based on glyoxime ligands, called cobaloximes, emerged 10 years
ago as a first generation of such catalysts. They are now widely utilized for the
construction of photocatalytic systems for hydrogen evolution.

In this Account, we describe our contribution to the development of a second
generation of catalysts, cobalt diimine—dioxime complexes. While displaying similar
catalytic activities as cobaloximes, these catalysts prove more stable against hydrolysis under strongly acidic conditions thanks to
the tetradentate nature of the diimine—dioxime ligand. Importantly, H, evolution proceeds via proton-coupled electron transfer
steps involving the oxime bridge as a protonation site, reproducing the mechanism at play in the active sites of hydrogenase
enzymes. This feature allows H, to be evolved at modest overpotentials, that is, close to the thermodynamic equilibrium over a
wide range of acid—base conditions in nonaqueous solutions.

Derivatization of the diimine—dioxime ligand at the hydrocarbon chain linking the two imine functions enables the covalent
grafting of the complex onto electrode surfaces in a more convenient manner than for the parent bis-bidentate cobaloximes.
Accordingly, we attached diimine—dioxime cobalt catalysts onto carbon nanotubes and demonstrated the catalytic activity of the
resulting molecular-based electrode for hydrogen evolution from aqueous acetate buffer. The stability of immobilized catalysts
was found to be orders of magnitude higher than that of catalysts in the bulk. It led us to evidence that these cobalt complexes, as
cobaloximes and other cobalt salts do, decompose under turnover conditions where they are free in solution. Of note, this
process generates in aqueous phosphate buffer a nanoparticulate film consisting of metallic cobalt coated with a cobalt-oxo/
hydroxo-phosphate layer in contact with the electrolyte. This novel material, H,—CoCat, mediates H, evolution from neutral
aqueous buffer at low overpotentials.

Finally, the potential of diimine—dioxime cobalt complexes for light-driven H, generation has been attested both in water/
acetonitrile mixtures and in fully aqueous solutions. All together, these studies hold promise for the construction of molecular-
based photoelectrodes for H, evolution and further integration in dye-sensitized photoelectrochemical cells (DS-PECs) able to
achieve overall water splitting.

Proton relay

Activity tuning

Bl INTRODUCTION

from the dinuclear FeFe and NiFe active sites of hydrogenases

The amount of solar energy reaching the Earth exceeds our
societal needs by several orders of magnitude.1 However,
worldwide energy demand does not correlate with the
availability of sunlight. Trapping energy in chemical bonds,
by producing fuels, is the only way to storing at the terawatt
scale. Such a solution has already been massively implemented
by photosynthetic organisms which use sunlight to sustain their
metabolism and produce biomass. Mimicking this natural
process to produce solar fuels is the founding principle of a
large field of research called “artificial photosynthesis”.> Solar-
driven water-splitting and production of molecular hydrogen
has been set as a first target in this context, in line with the
promises held by H, as an energy vector. A related key
challenge is the finding of new efficient and robust catalysts
based on earth abundant elements for the reduction of protons
into H,> To design such catalysts, inspiration naturally arises

i i © 2015 American Chemical Society
7 ACS Publications
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(Figure 1),* the metallo-enzymes achieving H*/H, intercon-
version both at fast rate and close to the thermodynamic
equilibrium. A number of promising catalytic systems derived
from this approach.5 Actually, mimics of another important
enzyme, the cobalt-containing vitamin B, (Figure 1), also
called cobalamin, proved among the most efficient molecular
electrocatalysts for H, evolution. In its super-reduced state
(Byy,) featuring a Co' center, cobalamin is the most powerful
nucleophile in nature.’ Accordingly, cobalt bis-glyoximato
complexes, largely developed by Schrauzer as B;, mimics and
known as cobaloximes (Figure 1),° can be protonated in their
reduced form to yield hydridocobaloximes or tautomeric forms,
the structure of which is still under investigation.” Such species
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Figure 1. Structures of the active sites of NiFe and FeFe hydrogenases and of vitamin By, (R = H,O, CN~, CHj, adenosyl,...), proton-bridged and
difluoroboryl-annulated cobaloximes (L = solvent (H,0, CH;CN, DMF)), and cobalt diimine—dioxime complexes 1X, and 2X, (X = Br, CL...).

actually turn to be the key intermediates in H, evolution
catalyzed by this class of compounds.® Catalytic activity, initially
reported in 1983 by Ziessel and co-workers in the context of
light-driven H, evolution,” was confirmed from 2005 by two
independent electrochemical studies carried out in our
laboratory'® and in the one of Peters at Caltech."" Further
studies involved, among others, the groups of Gray™ and
Eisenberg.** For now, cobaloximes appear as one of the most
active series of molecular catalysts when considering turnover
frequencies and overpotential requirement, as evidenced by a
recent benchmarking study in nonaqueous solutions.'?
However, these compounds suffer from degradation in acidic
solutions, which limits their stability under turnover conditions.
This prompted us to investigate the reactivity of another class
of B;, mimics. Cobalt diimine—dioxime complexes (Figure 1),
mainly developed by Marzilli and co-workers in the 1980s,"
indeed contain single tetradentate equatorial ligands which are
hardly displaced whereas hydrolysis of both oxime bridges in
cobaloximes leads to the displacement (or exchange)'* of both
glyoxime ligands. In this Account, we highlight the potential of
this second generation of cobalt catalysts for H, evolution as an
opportunity to design molecular-engineered electrodes and
light-driven systems working in aqueous media.

1287

B SYNTHESIS

Diimine—dioxime ligands are synthesized in one step through
Schiff base condensation of butanedione-monoxime on diamine
compounds. These ligands are abbreviated as (DOH),xx where
xx indicates the length of the hydrocarbon chain separating the
two imine functions. Hence (DOH),pn (Figure 1) corresponds
to N*N*-propanediylbis-butan-2-imine-3-oxime. Metalation
readily occurs when the ligand is reacted with a metallic
salt."> Specifically, cobalt complexes rapidly react with oxygen
from the air to yield octahedral Co™ derivatives such as
[Co(DO)(DOH)pnX,] (1X,, Figure 1), in which the diimine—
dioxime ligand occupies all four equatorial positions. The
oximato oxygen atoms are engaged in a hydrogen bond. The
bridging proton can be replaced by a difluoroboryl group, as in
[Co((DO),BF,)pnX,] (2X,, Figure 1), through reaction with
BF,-Et,0.

B ELECTROCATALYTIC ACTIVITY FOR H,
EVOLUTION

Black traces in Figure 2 correspond to the cyclic voltammo-
grams (CVs) of 1Br, and 2Br, recorded in acetonitrile at a
glassy carbon electrode.'® Two quasi-reversible monoelectronic
processes are observed corresponding to the stepwise reduction
of the Co™ complex to the Co" and Co' derivatives. X-ray

DOI: 10.1021/acs.accounts.5b00058
Acc. Chem. Res. 2015, 48, 1286—1295
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Figure 2. Cyclic voltammograms of 1Br, (top) and 2Br, (bottom) (1
mM, black traces) recorded in CH;CN (0.1 M nBu,NBF,) at a glassy
carbon electrode (100 mV-s™") in the presence of p-cyanoanilinium
tetrafluoroborate (red traces; 1, 3, S, and 10 equiv) and anilinium
tetrafluoroborate (blue traces; 1, 3, S, and 10 equiv).

absorption spectroscopies have shown that halide ligands are
fully displaced by acetonitrile in the reduced Co" and Co
states.'” Upon reduction, the coordination number also
decreases from 6 in the Co™ state to S in both the Co™ and
Co' state, a feature supported by DFT calculations.'®
Electrocatalytic hydrogen evolution is evidenced in the CVs
of 1Br, and 2Br, by the appearance of an irreversible wave that

raises in height with increasing concentrations of proton
sources such as anilinium or para-cyanoanilinium. H,
production was quantified by gas chromatography coupled to
coulometric monitoring, during bulk electrolysis experiments
carried out at constant potential values corresponding to those
of the electrocatalytic waves. In the case of the BF,-annulated
complex 2Br,, this electrocatalytic wave develops at potentials
corresponding to the Co"/Co' process, in line with the
behavior of cobaloximes (Figure 2). o By contrast, in the case
of the H-bridged complex 1Br,, electrocatalytic H, evolution
occurs at potentials positively shifted with regard to the Co'/
Co' couple. The extent of this shift depends on the strength of
the acid used as proton source as shown in Figure 2. We
hypothesized that proton transfer at the oxime bridge is
involved in the rate-determining step of the catalytic reaction.
To further support this hypothesis, we consequently carried out
computational studies at the DFT level in collaboration with
Field et al. at the Institute of Structural Biology in Grenoble.'®
Figure 3 displays a part of the mechanistic scheme that resulted
from calculations in good agreement, within methodological
errors,"” with electrochemically determined potentials of the
redox processes (both measured and computed versus the Fc*/
Fc couple), and reproducing the electrocatalytic behavior of H-
bridged diimine—dioxime complexes. The point of entry of the
catalytic cycle is a Co™ derivative. A subsequent proton-coupled
electron transfer process leads to a Co' compound containing a
protonated oxime bridge, which turns to be the initial active
state, denoted as Co'LH. Hammes-Schiffer and co-workers
reached the same conclusion on the basis of similar DFT
studies."®™ The computed potential of the Co"/Co'LH couple
appears significantly more positive than that of the Co"/Co'
couple, consistent with the observed positive shift of the
electrocatalytic potential. A second PCET step is then required
to form a Co'-hydride species bearing a protonated ligand,
Co"HLH. Finally, H, is produced, either through external
protonation or through an intramolecular mechanism that
would reproduce the formation of a dihydrogen bond,* as
suggested to occur at the active sites of hydrogenases.”® We
have been able to locate a transition state for such an
intramolecular process whose activation energy value is ~90 kJ
mol™!, a value in agreement with other studies regarding H,-
evolving catalysts21 or enzymes.22 Formation of a H,-bound
species is suggested by theoretical computations. However,

e

E, =90 kJ.mol™

Co'"HLH

Figure 3. Possible pathways for catalytic hydrogen evolution, involving PCET processes, with DFT-optimized structures of the key intermediates.

Axial ancillary ligands have been omitted for the sake of clarity.
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Figure 4. SEM image of an ITO electrode modified by electrolysis at —0.9 V vs Ag/AgCl of a solution containing 1Cl, (0.5 mM) in aqueous
phosphate buffer (0.5 M, pH 7) for 1 h (0.1 C-em ™ eometnic) (A), XPS data (Co,,, O,, and P, cores) of a H,—CoCat material deposited onto FTO
substrate (blue traces) vs commercial Co;(PO,),"«H,O (black traces) (B), and polarization of a FTO electrode modified with H,—CoCat (blue
dots) compared with that of a Co foil electrode (black dots) in phosphate buffer (0.5 M, pH 7) at 0.0 mV-s™' (C). Reproduced with permission
from ref 27. Copyright 2012 Nature Publishing Group.

Table 1. pK,’s and Equilibrium Potentials of the H*/H, Couple in CH;CN for Various Acids (10 mM), Taking into Account
Homoconjugation When Applicable,® Together with the Half-Wave Potentials of the Electrocatalytic Wave Corresponding to
H, Evolution Mediated by 1Br, (Data Reported in Refs 16 and 26)

p-cyanoanilinium tosic acid anilinium trifluoroacetic acid
pK, 7.6 8.7 10.7 12.6
E° (H*/H,) —0.46 V vs Ec*/° —0.48 V vs Ec*/° —0.68 V vs Fc*/? —0.68 V vs Fc'/°
ES, —0.68 V vs Ec*/° —0.73 V vs Ec*/° —0.92 V vs Ec*/° —0.96 V vs Ec*/°

given the fact that H, elimination is entropically favored, it may
not exist as a true intermediate in the catalytic mechanism.
Nonetheless, these calculations confirm that a Co(II)-
hydride species is the active intermediate for H, evolution, in
agreement with the mechanism initially proposed by Eisenberg
et al,”® and further supported by DFT studies by Muckerman
and Fujita,”* and Hammes-Schiffer and Solis™ for parent
cobaloximes. They also support a bridge-protonation pathway.
Proton relays have already been shown crucial for promoting
heterolytic H"/H, interconversion. The most popular examples
are probably DuBois’s nickel bisdiphosphine complexes
containing basic amino sites in the second coordination
sphere.” Whether bridge protonation takes place in H,
evolution mediated by cobaloximes is unclear and still under
investigation.””®* In the present case, protonation of the oxime
bridge allows diimine—dioxime complexes to adapt their
electrocatalytic potential to the acid—base conditions of the
medium, as shown in Table 1. Table 1 compares the potentials
measured at half the catalytic wave and the equilibrium
potential of the H*/H, couple in acetonitrile, computed from

1289

tabulated values and taking into account the homoconjugation
effect as previously reported.26 From these data and in first
approximation, it was possible to estimate the overpotential
value at the middle of the catalytic wave (such an estimation is
more accurate with S-shaped voltammograms recorded at
rotating electrodes),? by subtracting the standard potential of
the H"/H, couple from the measured value. It follows that the
overpotential requirement for H, evolution catalysis is kept
within a 220—290 mV window over a wide range of acid—base
conditions, that is, in the presence of acids with pK,’s ranging
from 7.6 to 12.6. To the best of our knowledge, such a behavior
reproducing that of hydrogenases and platinum surfaces has
never been reported for synthetic catalysts. In addition, these
values compare well with those previously obtained for
cobaloximes.'”"! Current work in progress in our laboratory
is devoted to the accurate determination of turnover
frequencies, with the aim to establish “catalytic Tafel plots”,
displaying the relationship between turnover frequency and
overpotential, for a rational benchmarking of the catalytic
activity.12

DOI: 10.1021/acs.accounts.5b00058
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Figure S. Synthetic strategy for the preparation of 3Cl,-functionalized MWCNTs electrodes (DCC = dicyclohexylcarbodiimide).

B ASSESSMENT OF CATALYTIC ACTIVITY IN
AQUEOUS MEDIA

We found that diimine—dioxime complexes decompose under
aqueous catalytic conditions. Actually, in pH 7 aqueous
phosphate buffer they experience an electroreductive trans-
formation into a nanoparticulate material which is deposited on
the electrode as confirmed by SEM analysis (Figure 4A).>
Small nanoparticles with average diameter of 10 nm (Figure
4A) are initially formed. Upon prolonged deposition time or
when reduction is carried out at a more negative potential, an
~2 pm thick film made of larger particles (100 nm) is obtained.
The same coating can be obtained starting from simple cobalt
salts. On the basis of advanced spectroscopic measurements
(XPS; Figure 4B, EDX, EXAFS, and XANES), we could show
that this novel material, called H,—CoCat, consists of metallic
cobalt coated with a cobalt-oxo/hydroxo/phosphate layer in
contact with the electrolyte. Interestingly, H,—CoCat mediates
H, evolution from neutral aqueous buffer with onset potential,
that is, the potential at which we could analytically detect H,
evolution using continuous-flow gas chromatography, of 50 mV
vs RHE (Figure 4C). Remarkably, it can be converted upon
anodic equilibration into the cobalt-oxide film catalyzing O,
evolution described by Nocera et al.*® The switch between the
two catalytic forms is fully reversible and corresponds to a local
interconversion between two morphologies and compositions
at the surface of the electrode.
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This raises the general and important question of distinguish-
ing true homogeneous catalysis by metal complexes from
heterogeneous catalysis by metal or metal-oxide particles
derived from in situ transformations. This situation, much
more prevalent than currently appreciated, sometimes hard to
detect and quite ubiquitous in catalysis, has been recently
reviewed in the context of electro- or photochemical
processes.”” As an example, H;PO,/H,PO,” aqueous solution
(pH 2.2) was previously reported suitable for the benchmarking
of the catalytic activity for H, evolution of molecular cobalt
catalysts including 1(H,0)*.>* However, recent investigations
in our laboratory evidenced that decomposition occurs under
these conditions, accompanied by the deposition of an
electrocatalytically active coating at the electrode.® Similar
observations have also been made for cobalt complexes in
nonaqueous media in the presence of strong acids.’"

B MOLECULAR-BASED ELECTRODE MATERIALS

The results described above may seem disappointing, at least in
the context of molecular chemistry. Ligand design allows for a
fine-tuning of the catalytic properties, but the inherent fragility
of the resulting catalysts, when exposed to reducing/oxidizing
and/or hydrolytic conditions, may condemn such an approach
in the context of photoelectrochemical water splitting. In other
words, is it worth developing molecular catalysts if they
transform under turnover conditions into catalytically active
species that can alternatively be obtained from simple metal
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salts? The answer is “yes”, since we could evidence that
immobilization onto electrode surface is a very efficient way to
stabilize such molecular catalysts and avoid their degradation/
transformation under catalytic conditions. To achieve this goal,
we functionalized the hydrocarbon chain bridging the two
imine functions to create a covalent link between these catalysts
and multiwall carbon nanotubes (MWCNTs) used as electrode
material. We first prepared an azido derivative starting from 2-
hydroxy-1,3-diaminopropane (Figure 5).32 Alternatively, ma-
lonic synthesis strategies proved fruitful to generate a series of
ligands derivatized with different functional groups.** In our
case, azide—alkyne coupling (AAC) allowed preparation of 3Cl,
(Figure S) containing a terminal activated ester group. For that
purpose, we used a strained cyclooctyne frecursor enabling the
use of copper-free AAC conditions® and thus avoiding
substitution of copper for cobalt in the complex. In parallel,
MWCNTs, deposited as a mat, were decorated with amino
functions through the electroreduction of 4-(2-aminoethyl)-
benzene diazonium. This results in the coating of the electrode
with a film of aminoethylphenylene oligomers as represented in
Figure 5.* Finally 3Cl, was covalently, thus durably, anchored
on MWCNTs through the formation of amide linkages, as
confirmed by XPS.

Cyclic voltammograms measured on the modified electrode
displayed two redox systems corresponding to the Co™/Co"
and Co"/Co' couples (Figure 6) assigned by analogy with 3Cl,.

E (V) vs Fc™

-1.50 -1.25 -1.00 -0.75 -0.50

Figure 6. Cyclic voltammogram of 3Cl, recorded in CH,CN (0.1 M
nBu,NBF,) at a MWCNT electrode (purple trace) and cyclic
voltammogram of a 3Cl,-functionalized MWCNTs electrode (blue
trace) recorded in CH;CN (0.1 M Et,NCI). The response of the
unmodified MWCNTs electrode is represented with a dashed black
trace. Scan rate: 100 mV-s™.

The first system is ill-defined, but the Co''/Co' wave is
reversible with peak intensities directly proportional to scan
rate, confirming covalent immobilization of the cobalt
complexes on the electrode surface. Surface concentrations as
high as 4.5 nmolem™ could be determined from the
integration of this monoelectronic system.

The resulting material proved active for electrocatalytic H,
generation at relatively low overpotentials from pure aqueous
solutions ranging from pH 2.2 to 5, whereas no catalytic activity
could be detected in pH 7 phosphate buffer solutions.*® The
onset potential for H, evolution was found to be 350 mV vs
RHE in pH 4.5 acetate buffer (Figure 7).>> This material is also
remarkably stable, allowing extensive cycling without degrada-
tion. This is underlined by a 7 h electrolysis experiment, during
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Figure 7. Linear sweep voltammograms (solid traces; left scale) of a
3Cl,-functionalized MWCNTs electrode (blue trace) compared to
unmodified MWCNTSs material (black trace) in a pH 4.5 acetate buffer
(0.1 M) recorded at 0.1 mV-s™" with simultaneous monitoring of H,
production rate (dashed traces; right scale) using constant-flow
continuous GC measurements.

which each immobilized cobalt center achieves more than
50000 turnovers without significant deactivation. Electro-
chemical and XPS measurements confirmed preservation of
the molecular structure (except for axial ligands that are rapidly
exchanged in reduced states)'” of the grafted complex after
catalytic turnover. SEM was also used to exclude the formation
of any deposit, such as the H,—CoCat material,”” at the surface
of MWCNTs.

Previous studies of 1Br, solubilized in nonaqueous media
showed significant degradation after 50 turnovers.'® This clearly
indicates that grafting provides a largely increased protection of
these cobalt catalysts against modification during extensive
cycling. A similar example has been reported by our group with
DuBois’” nickel bisdiphosphine catalysts. Once immobilized on
carbon nanotubes, they can turn over more than 100 000 times
without loss of activity or formation of heterogeneous active
metal species.37a'b Though no detailed “postmortem” analysis
has been reported for cobaloxime or cobalt diimine—dioxime
catalysts yet, a recent work on related diimine—dipyridine metal
complexes®® showed insightful details on possible deactivation
pathways. Reduction at the metal site may generate transient
carbon-based a-imino radical species subjected to reductive
homocoupling, that finally yields dimeric complexes with new
metal coordination spheres likely not suitable for catalysis. Our
hypothesis is that once grafted onto electrode materials the
molecular complexes are isolated one from each other and
cannot react in such bimolecular manner. Another mechanism
for deactivation includes ligand hydrogenation through hydride
transfer from the Co™HL species, either directly formed from
the Co' state or through isomerism of the Co'LH species
(Figure 3).*” For complexes grafted onto electrodes, immediate
reduction of this species is likely to compete with hydride
transfer and to form the catalytically competent Co'-hydride
species, resulting in enhanced activity and stability.

We note however that covalent immobilization of a catalyst is
not always as straightforward as a way to generate efficient
electrocatalytic materials. This point arises from, at least, two
reasons. First, the linker introduced between the catalytic
moiety and the surface often acts as an insulator, which results
in the requirement of increased overpotentials for catalysis to

occur.>® In the course of a long-standing and fruitful
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Figure 8. Photocatalytic system based on 1Br, (top), H, evolution versus time (bottom left), and spectroscopic signature of the resting state
(bottom right) during continuous irradiation in the absence (black traces) and the presence (blue traces) of 2 equiv of PPh;. The dashed blue trace

shows the spectrum of authentic [Co(DO)(DOH)pn(PPh;)].

collaboration with Jousselme, Palacin, and co-workers from the
Matter Science Division of CEA (Saclay, France),*”?%3537 we
could show that, when performed onto MWCNTs, the
electroreduction of diazonium salts provides a quite unique
way to graft a significant amount of redox probes on the
electrode surface without introducing such electron transfer
barrier.*" Second, the structure of a molecular catalyst is
significantly reorganized on completion of the catalytic cycle.
This statement is particularly true for redox catalysts
transitioning through various oxidation states. The immobiliza-
tion mode must thus enable easy conformational changes.
Grafting of diimine—dioxime complexes onto oxide surfaces has
been described by Peters and Berben,* and Reisner and co-
workers.***** However, these immobilization modes, involving
two anchoring groups, do not allow for H, evolution catalysis
to occur at significant rate, which probably originates from
constrains generated at the cobalt center upon grafting.

B PHOTOCHEMICAL SYSTEMS

Cobalt diimine—dioxime catalysts also proved to be active for
H, evolution under light-driven conditions through their
association with molecular Ru-, Ir-, or Re-based photo-
sensitizers. Such homogeneous systems rely on sacrificial
electron donors such as triethanolamine, triethylamine
(TEA), or ascorbic acid. In the context of a collaboration
with the group of Wang and Sun at Dalian Institute of
Technology (China), we assessed the photocatalytic activity of
1Br, in mixed H,0O/CH;CN conditions in the presence of TEA
and a cyclometalated iridium-based photosensitizer.** Turnover
numbers (TON) as high as 300 could be obtained after 4 h of
visible light irradiation. Under the same conditions, the BF,-
annulated complex 2Br, only led to 50 TON, consistent with
the inability of this complex to be protonated at the oxime
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bridge. The addition of triphenylphosphine resulted in a
significant increase of the stability of the system with up to 700
TON achieved within 10 h (Figure 8). Phosphine ligands are
known to stabilize low oxidation states of cobalt complexes that
are the key intermediates in the H, evolution mechanism.
Indeed, stabilization of the Co' state of 1Br, by coordination of
PPh; has been confirmed by cyclic voltammetry measurements
with a ~280 mV anodic shift of the electrochemical potential of
the Co"/Co' couple. In order to get more information on the
reduced species generated during photocatalysis, we monitored
the reaction using UV—vis spectroscopy: starting from the Co™
complex, irradiation leads after 10—20 s to a first absorption
band at 472 nm, characteristic of a Co" species. When PPh; is
present in solution, a second band at 638 nm then appears after
70 s, corresponding to the exact signature of the Co' complex
[Co(DO)(DOH)pn(PPh,)] (Figure 8). By contrast, in the
absence of PPh;, the resting state of the catalyst displayed
another signature, characterized by two new bands centered at
602 and 678 nm. Similar spectroscopic signatures have been
reported for reduced cobaloxime [Co-
(dmgBF,),(H,0),]7®""®*** and have been assigned to a
spectroscopic Co' state, a statement supported by ab initio
calculations.* However, a similar spectrum has also been
calculated for a Co"—H intermediate.”* While more studies are
still needed to fully characterize these intermediates, it seems
that coordination of the m-acceptor phosphine ligand stabilizes
the system by preventing side reactions, such as the above-
mentioned hydride transfer processes,”>* to occur. Similarly, a
derivative of 1Br, containing a pendant methylpyridine
1igand33b showed increased activity under photochemical
conditions.*® These results highlight the relevance of ligand
tuning for the optimization of such systems.
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Cobalt diimine—dioxime catalysts so far display lower activity
under light driven conditions as compared to parent
cobaloximes.*** They however prove quite versatile as H,
evolution catalysts as far as the reaction conditions are
concerned: they function in fullgr organic solutions*” as well
as in fully aqueous conditions.**** Not surprisingly, the optimal
acid/base conditions in terms of activity in water (up to 90
TON) correspond to a pH of 4,*** thus matching the optimal
value determined for the molecular-based cathode material
containing the same cobalt diimine—dioxime catalytic moiety.>

B SUMMARY AND OUTLOOK

In the past S years, we have developed cobalt diimine—dioxime
complexes as molecular catalysts for H, evolution. The
tetradentate nature of the diimine—dioxime ligand warrants
stability against hydrolysis, while letting an oxime bridge
available to act as a proton relay. In addition, derivatization of
this ligand at the hydrocarbon chain bridging the two imine
functions enables its coupling with a surface, or possibly a
photosensitizer, in a much more convenient manner than for
the parent cobaloximes. Cobalt diimine—dioxime catalysts
finally prove active for H, evolution in fully aqueous conditions
both after immobilization onto electrode materials and in light-
driven homogeneous conditions. These two properties hold
promise for the construction of molecular-based photocathodes
as key components of dye-sensitized photoelectrochemical
cells.
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1. Introduction

01/ \
WA

There is now a consensus on the urgency to diversify the ener-
getic mix of our societies by the introduction of a growing amount
of renewables. Because of the availability of sunlight at the surface
of Earth, solar energy research is the spearhead of these new non-
carbon based energy technologies. It has recently been shown that,
among all other renewable energy sources, only solar energy would
be able to provide the additional >14 terawatts required by our
societal needs by 2050 [1,2]. However, this additional energy input
must be stored in a durable way because of the mismatch between
solar energy intermittence and economic/domestic demand. In that
prospect, producing fuels from readily available resources such
as water is probably the only sustainable way to go. Hydrogen

production through water splitting thus appears as an attractive
solution to store the abundant flow of sunlight falling on Earth
This clean energy carrier can then be used to produce electricity on-
demand in fuel cells with very high energy conversion efficiencies
[3]. A close-to-market way to convert solar energy into hydroger
is to interface photovoltaic technologies with water electrolysis
However, such a solution remains expensive and still needs fur-
ther technological developments. Alternatively, direct utilizatior
of sunlight, i.e. without intermediate production of electricity, tc
split water into oxygen and hydrogen in a single device would be
a major breakthrough in hydrogen production, as far as mass pro:
duction costs are concerned [4-6]. A recent life-cycle net energ)
assessment has shown that such devices can be economically viable
when developed at large scale if they exhibit a solar-to-hydroger
yield superior to 5% and a stability over 10 years [7]. Anticipatec
costs for H, production are in the range of $2-4 per kg H, [8].

A major issue related to both reductive and oxidative processe:
involved in water splitting, i.e. the hydrogen evolution reactior
(HER) and the oxygen evolution reaction (OER), resides in thei
multielectronic nature, resulting in strong kinetic limitations. Thi
bottleneck requires the development of efficient electrocatalysts
proceeding at high rates and low driving force, called overpoten:
tial. So far, the most efficient electrocatalysts are based on noble
metals, in particular platinum for both HER and OER and irid-
ium or ruthenium oxide for OER. However, the utilization of P
and Ir-/Ru-based catalysts in technological devices for worldwide
energy supply is not sustainable because of their scarcity in Eart}
crust’sand theirrelated high costs[1,9,10]. Intense research activity
in this field during the last two decades has led to the develop-
ment of new electrocatalytic materials based on non-noble metals
[11-13] including both solid state materials and molecular cata-
lysts. In this review we almost exclusively focus on the later serie:
and limit our scope to hydrogen evolution. Similar approache:
that include biomolecules such as enzymes and photosystems wil
not be discussed here [14-17]. After a general introduction or
photoelectrochemical devices, we describe how catalysts can be
immobilized onto cheap carbon-based materials so as to prepare
active cathodes for HER. We then consider their integration intc
photocathode materials, where the photoactive component can be
solid-state inorganic semiconductors, organic semiconductors oi
molecular photosensitizers. As a final step, we point out few recen
attempts toward the build-up of overall water-splitting cells whick
include such molecular-based photocathodes.

2. Overview on photoelectrochemical devices for water
splitting

Building photoelectrochemical cells (PECs) is not a straightfor-
ward procedure. Several architectures have been identified, eact
of them presenting its own advantages and drawbacks. We presen
below an overview of these possible architectures.

The simplest configuration involves a single photoactive com:-
ponent, usually coupled to the OER catalyst as described in Fig. 1a
The resulting photoanode, reproducing the function of Photosys:
tem II during biological light-driven water-splitting processes ir
photosynthetic microorganisms, uses solar energy to extract elec
trons from water which is oxidized to O,. Then, the electron:
generated at the photoanode are collected at the cathode where
a catalyst evolves Hj. Proton transfer through the electrolyte anc
possibly through a membrane ensuring the separation of Hy anc
0, gases allows for the mass balance in the whole device. There
is no fundamental reason why a similar architecture with the
light-harvesting unit connected to the HER catalyst could not be
considered [18]. The resulting system (Fig. 1b) then combines ar
anode with a photocathode. Nevertherless, in most cases, the use
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Fig. 1. Schematic representations of photoelectrochemical cell (PEC) architectures for water splitting: self-sufficient PEC cells based on one (a, b) and two (c) photoelectrodes
or PV-biased PEC (d, e) and electrochemical (f) cells. The catalysts for water oxidation and reduction are depicted by blue and pink hexagons, respectively. PV indicates a
photovoltaic component containing at least one buried p/n junction (i.e. shielded from contact with any electrolyte) in a wireless mode (monolithic cells) or wired to the PEC

or electrochemical cell.

of a single photoactive component does not allow to reach the
required photovoltage to drive water splitting. To overcome this
problem, it is possible to couple two photoelectrodes, i.e. a pho-
tocathode for H, evolution and a photoanode for O, evolution
(Fig. 1c). This configuration mimics the situation found in the Z-
scheme of the photosynthetic chain of microorganisms which have
evolved two photosystems (Photosystems I and II) for that pur-
pose [19]. A technologically relevant alternative finally consists
in providing a part (Fig. 1d and e) or the whole (Fig. 1f) of the
energy required for water splitting by a photovoltaic module, which
includes p/n junctions made of inorganic semiconductors, organic
photovoltaic (OPV) cells, perovskite solar cells or dye-sensitized
solar cells (DSSCs). This photovoltaic module may be integrated
within the device, in a so-called non-wired configuration. In this
case the junction is buried in the architecture and protected from
any contact with the electrolyte. Acknowledging the diversity of
possible architectures, a full taxonomy for solar fuel generator has
been recently proposed [20].

A comprehensive survey of the self-sufficient photoelectro-
chemical operational devices reported so far recently appeared
[21]. The seminal work on that topic was reported by Fujishima
and Honda in 1972 with a water splitting cell made from a TiO,
photoanode and a Pt cathode [22,23], thus with an architecture
similar to that shown in Fig. 1a. To the best of our knowledge, no
PEC cell with the architecture shown in Fig. 1b has been described
so far. Reisner and coworkers reported the first Cu;O/NiO - WO3
PEC cell (Fig. 2a) corresponding to the architecture shown in

Fig. 1c [24]. Sivula and coworkers designed a similar cell based on
a Cu,0/Al:Zn0O/TiO2/RuOy photocathode and a BiVO,4/CoPi pho-
toanode with 0.5% solar-to-hydrogen (STH) conversion efficiency
[25]. The nanodevice developed by Yang and coworkers based on
platinum nanoparticles decorated Si nanowires grown on TiO,
nanorods loaded with iridium oxide nanoparticles (Fig. 2b) has
a similar working principle [26]. A similar combination but with
a hematite photoanode has been used by Wang and coworkers
[27]. The most efficient operating cells known in the litera-
ture however integrate a photovoltaic module. The monolithic
photovoltaic-photoelectrochemical device reported by Turner
combines a GalnP,/Pt photocathode, two p/n junctions and a Pt
anode (Fig. 2c) [28]. Rocheleau and coworkers designed a simi-
lar hybrid-junction photoelectrode configuration, incorporating
cheap, environmentally benign and highly stable photoanode
materials. Deposited on top of a solid-state multijunction (double
and triple junctions based on a-Si and a-Si:Ge), a-Fe; 03, WO3 were
used to oxidize water while enhancing the electrochemical bias for
water reduction at a platinum electrode [29-32]. More recently,
van de Krol and coworkers reported on a similar device combining
a BiVO4/CoPi photoanode (Fig. 2d) [33]. Another example is the
so-called tandem-cell that consists of a WO3/Pt or a Fe,;03/Pt
photoelectrochemical cell biased with a dye-sensitized solar cell
(DSSC, Fig. 2f) and that achieves an overall yield up to 3.1% [34-36].
These first examples display quite good efficiencies for energetic
conversion (12.4% for the cell reported by Turner) but are very
expensive owing to the fabrication of the photovoltaic assembly
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Fig. 2. Selected devices for photocatalytic water splitting: (a) the two-electrode PEC system reported by Reisner and coworkers [24], (b) semiconductor nanowire-based PE(
design from Yang and coworkers [27], (¢) monolithic PV-biased PEC cell from Turner and coworkers [28], (d) non-wired PV-biased PEC cell from van de Kroll and coworker:
[33], (e) non-wired PV-biased electrochemical cell [32,38,39], (f) principle of the tandem PEC cell including a DSSC [34-36].

and the presence of Pt as a catalyst. Of note, Licht and coworkers
reported on very efficient cells with STH efficiency over 18% but
based on quite expensive multi-junction composite materials
using III-V semiconductors and noble metal-based catalysts (Pt
and RuO;) [37]. Platinum-free PV-biased electrochemical cells
have also been developed combining either a multi-junction
photovoltaic device (triple junction a-Si/a-Si:Ge/a-Si:Ge) or three
copper-indium-gallium-sulfide (CGIS) cells connected in series
and nickel-molybdenum (NiMo) or cobalt-molybdenum (CoMo)
(HER)/NiFe, Oy (OER) electrocatalytic layers (Fig. 2e); these devices
are able to operate under basic conditions, though with associated
corrosion issues [32,38,39]. The artificial leaf developed by Nocera
and coworkers has a similar structure but integrates NiMo (HER)
and CoPi (OER) catalysts allowing it to function in near-neutral
conditions [40,41].

Current research targets the use of low-cost materials absorbing
in the visible spectrum and possessing valence band and conduc-
tion band energies competent for OER and HER, respectively [42].
Nevertheless, many of these systems rely on rare and/or scarce
elements. By reducing the amount of material used and providing
high modularity, the construction of earth-abundant element based
molecular electrode and photoelectrode materials constitutes an
interesting alternative to the use of bulk solid-state materials. In

the following, we describe how such molecular approaches have
led to the design of cathodes and photocathodes for H, evolution. O
note similar approaches have been developed for the constructior
of molecular anode [43-45] and photoanode [46-53] materials.

3. Molecular H,-evolving cathodes

The recent years have seen the rise of a number of novel solid-
state inorganic materials based on earth-abundant elements anc
able to catalyze hydrogen evolution often over a large pH range ir
aqueous solutions [54]. Novel formulations include, among others
sulfides [55-58], phosphides [59-61], nitrides [62,63] and carbide:
[62-64] compounds. Some of these catalytic materials have beer
combined with carbon nanomaterials to enhance both the con-
ductivity and the active surface of the electrode [54]. With the
same objective of designing cheap carbon-based electrodes for
H, production, a number of groups have extended the studies
of Hy-evolving molecular catalysts to their immobilization ontc
carbon-based materials. Such projects require the development o
relevant methods to achieve efficient and stable grafting of the
molecular catalyst onto the electrode surface. In that purpose, dif:
ferent strategies have been applied so far and reported in the
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literature concerning both standard carbon surfaces and carbon
nanotubes (CNTs).

3.1. Entrapment of the catalyst within a polymeric material

First achievements have been described by Kellet and Spiro in
the 1980s. They reported that stable catalytic materials can be
simply obtained by incorporating positively charged cobalt por-
phyrin complexes into a Nafion film cast onto a glassy carbon
electrode. However, the inherent poor electron-transfer character-
istics of these films only allowed low electroactivity [65]. Similarly,
the coating of a bare pyrolytic graphite electrode with the neutral
cobalt porphyrin [Co(TPP)] (1, Fig. 3) incorporated in a Nafion film
can reduce protons. Nonetheless, a large overpotential (450 mV,
pH=1) and a quite low turnover frequency value of 70h~1 are
observed [66]. Better turnover frequency (TOF=2 x 10° h~1) could
be achieved with an applied potential of —0.90 vs Ag/AgCl and at
pH=1 for a the cobalt phthalocyanine 2 (Fig. 3) incorporated in a
poly(4-vinylpyridine-co-styrene) film deposited on a graphite elec-
trode [67]. Here again HER was limited by the electron transfer
within the matrix.

3.2. Covalent attachment of the catalyst within an oligomeric or
polymeric material

Carbon-based electrodes can also be easily coated with
conducting polymers obtained via electropolymerization pro-
cesses. Indeed, electropolymerization of [Cp*Rh(L)Cl](BF4) (L = bis-
4,4'-(bis(pyrrol-1-ylmethyl)methoxycarbonyl)-2,2’-bipyridyl) (3)
(Fig. 3) leads to a stable film capable of proton electroreduction
at —0.31V vs NHE at pH values lower than 4. Quantitative current
efficiency corresponding to 353 turnovers was observed during
a 14 h electrolysis experiment at pH 1 using a carbon-felt elec-
trode coated with the electropolymerized rhodium complex [68].
Sequential strategies were also employed, relying on the electrode
coating with conducting polymers obtained via an electropoly-
merization process in a first step and the functionalization of this
polymer with the catalyst in a second step. Such an electropoly-
meric material incorporating a hydrogenase model compound was
provided by Pickett and coworkers [70]. Mimicking the active site
of [FeFe]-hydrogenases [71,72], the dinuclear Fe complex 5 (Fig. 4)
was reacted with a glassy carbon (GC) electrode coated with a func-
tionalized polypyrrole film. This material has been shown to evolve
hydrogen at potentials slightly more positive than those measured
in the case of the complex-free polymer, thus with overpotential
requirement remaining too large for any practical applications. A
similar strategy has been developed by DuBois and coworkers with
the mononuclear Ni complex 6a (Fig. 5) carrying electropolymeriz-
able thiophene groups [73]. While the molecular complex displays
interesting electrocatalytic properties when assayed in solution
(limited overpotential requirement of 280 mV at the middle of the
electrocatalytic wave and TOF of 56 s ! at the catalytic plateau), the
related 6a-decorated polythiophene film is not electrocatalytically
active for still unknown reasons.

Electroreduction of diazonium salts (Fig. 6) also proves to be
an efficient alternative method to form covalent linkages between
a catalyst and a carbon electrode [74]. The electrode surface
is first covered with a polyphenylene film bearing amine moi-
eties through electrochemical polymerization and further chemical
modification (Fig. 6). The catalyst s then covalently immobilized by
amide-coupling with the amino groups of the film. This methodol-
ogy was applied by Darensbourg’s group (Fig. 7a) [75], Gloaguen
and coworkers [76] (Fig. 7b) and ourselves [77] (Fig. 7c) to din-
uclear Fe complexes 7a-c modeling [FeFe|-hydrogenase active
sites. The grafting of dithiolate-bridged diiron complexes, 7b and
7c¢, with activated succinimide ester groups has been achieved

on glassy carbon electrodes modified with either p-aminophenyl
or p-(2-aminoethyl)phenyl groups. Unfortunately, these materials
displayed very weak electrocatalytic responses because of a great
instability, due to the loss of CO ligands in the reduced state of the
catalyst as shown by X-ray photoelectron spectroscopy (XPS) and
attenuated-total-reflectance infrared spectroscopy (ATR-IR) stud-
ies [77].

A major breakthrough was reported in our laboratory in 2009,
thanks to a fruitful collaboration with Jousselme and Palacin in CEA
Saclay (France), regarding novel Ni-based CNT-coated electrodes
with remarkable electrocatalytic activities both for H, evolution
and oxidation [78]. Among hydrogenase bioinspired catalysts,
DuBois’ nickel-bis(diphosphine) complexes are probably the ones
with the most outstanding catalytic properties, as recently shown
by a benchmark study in non-aqueous solutions [79]. Such cat-
alysts can function in both directions (proton reduction and H,
oxidation) depending on the operating conditions [80]. In addi-
tion, their synthetic versatility allowed us to prepare the analog
6b (Fig. 5), in which activated ester functionalities were intro-
duced. An amidation reaction then afforded covalent attachment
of the catalyst to CNTs previously decorated with amine groups
at their surface through electrochemical reduction of the 4-(2-
aminoethyl)phenyldiazonium salt (Figs. 8 and 9, left) [78]. Later
on, Roberts and coworkers reported on a similar grafting of 6b
onto 1,2,3-triazolyllithium-terminated planar glassy carbon sur-
faces [81].

These electroactive Ni-functionalized CNTs were then deposited
onto a gas diffusion layer (GDL) and coated with a Nafion mem-
brane. GDLs are carbon clothes coated with a gas-permeable
water-tight conductive membrane and have been specifically
developed for proton exchange membrane (PEM)-based tech-
nologies. This architecture led to a cheap, stable, air-resistant
membrane-electrode assembly (MEA, Fig. 9, right) with unique per-
formances, especially under the strongly acidic conditions required
in the expanding PEM-based technology. Hydrogen indeed evolves
from aqueous sulphuric acid solution at the thermodynamic equi-
librium (no overpotential requirement) and the material proved
remarkably stable: up to 100000 turnovers could be measured
during a 10h experiment without loss of activity. Interestingly,
this Pt-free catalyst is also very efficient for hydrogen oxida-
tion under the same conditions with current densities similar to
those observed for hydrogenase-based materials (1-2 mAcm2)
under mass-transport limitation. The maximum current density
that can be measured in the absence of such limitation (i.e. using
a rotating disk electrode on which the catalytic material has been
deposited) reaches 40 mA cm~—2. Bidirectional catalysis was com-
pletely unexpected from solution studies. This behavior shows how
modification of the distant environment of a metal complex, in
other words its third coordination sphere, may also allow to tune its
catalytic properties. Later on, colleagues from DuBois’ group mod-
ified the nature of the substituents at the P,N; ligand [82-84] and
obtained catalysts showing similar bidirectional catalytic activity
but in the homogeneous bulk phase. To the best of our knowledge,
the Ni-functionalized CNTs are the first molecular-engineered and
noble-metal free electrode materials capable of hydrogen evolu-
tion/oxidation at the thermodynamic equilibrium.

The same methodology was used to immobilize the
diimine-dioxime cobalt catalyst 8 [85-87] at the surface of a
similar CNT-based electrode (Fig. 10) [88]. Again, this yielded
a very active electrocatalytic cathode material, mediating H,
generation with a turnover number of 55.000 ton in 7 h from fully
aqueous solutions at mild pH (acetate buffer pH 4.5) and modest
overpotentials (onset potential for H, evolution is —350mV vs
RHE) [88]. Scanning electron microscopy (SEM) was used to
exclude the formation of any particle at the surface of CNTs and
XPS confirmed the preservation of the molecular structure of
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Fig. 3. Selected cobalt [65-67] and rhodium-based [68,69] H,-evolving catalysts that have been immobilized though entrapment or 7 staking onto electrode surfaces.
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Fig. 4. Immobilization of the biomimetic complex 5 by covalent attachment to a polypyrrole film electrodeposited onto a GC electrode [70].
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catalyst 6c immobilized onto CNTs by 7 stacking. Right: structure of the membrane-electrode assembly used for the electrocatalytic characterization of the Ni-functionalized

CNTs under conditions relevant for PEM-based technologies.

the grafted complex after extensive catalytic turnover. The good
stability of this material upon cycling contrasts with the limited
stability of the same molecular catalyst under bulk electrolysis
conditions. This point clearly indicates that grafting provides
a largely increased protection of these cobalt catalysts against
decomposition and allows preserving their molecular structure
and the related activity. We recently demonstrated that this
material proves O,-tolerant [89], i.e. it can evolve H;, even in the
presence of a significant amount of dissolved O5.

A last example implementing electroreduction of diazonium
salts for catalyst immobilization has been recently described by
the groups of Fontecave and Bedioui. In that case a diazotized
terpyridine ligand was first electrodeposited onto a GC electrode.
Further treatment with cobalt salt yielded an Co-terpyridine mod-
ified electrode material, the structure of which is shown in Fig. 10
(right) [90]. This material proves active for H, evolution from pH 7
aqueous solutions, although with the requirement of a quite high
overpotential.
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3.3. Non-covalent attachment of the catalyst via m stacking
interactions

Among the available CNTs functionalization approaches, non-
covalent ;r stacking of conjugated molecules on the nanotube
surface is also quite attractive. Especially, pyrene derivatives are
well-known for their ability to adsorb onto graphite via w-m
interactions. We successfully used this strategy for the immobi-
lization of DuBois’ nickel-bis(diphosphine) catalysts onto CNTs.
Pyrene derivatives of nickel complexes such as 6¢ (Fig. 5) can be
easily immobilized onto CNTs, prior to their deposition onto a
GDL substrate. This one-step process is practically a much eas-
ier method than the covalent grafting as described above that
necessitates three steps: (i) deposition of CNTs onto the electrode
support; (ii) modification of the CNTs with the electrografting pro-
cess and (iii) post-functionalization reaction. In addition, using the
7 stacking method surface catalyst loading can be easily tailored by
varying the amount of CNTs deposited on the electrode. For exam-
ple, a catalyst surface concentration as high as 8 x 10~2 mol cm—2
was obtained with a functionalized CNTs deposit of 0.2 mgcm~2.
For comparison, the covalent method relying on diazonium elec-
troreduction followed by an amidation post-functionalization step
affords a limited surface coverage of 1.5 x 10~9 mol cm~2, regard-
less of the amount of CNTs deposited on the GDL [91]. Finally, when
stacked onto CNTs, the nickel bis(diphosphine) complexes show
catalytic performances comparable with those displayed by the
complexes covalently attached to CNTs. We thus believe that this
methodology will be useful to design more efficient electrocatalytic
materials.

Recently Blakemore, Brunschwig, Gray and coworkers used the
7 stacking method to revisit electrode functionalization with the
[Cp*Rh(bipy)Cl]* catalyst[69]. They prepared the pyrene-appended
complex 4 (Fig. 3) and immobilized it onto a high surface area
carbon black material, used as electrode substrate to afford con-
ductive surfaces with a high microscopic area that support high
electrocatalytic current densities. The surface-anchored complex
proved active for proton reduction from p-toluenesulfonic acid
solubilized in CH3CN with a TOF of ~1s~! at 14 mM acid concen-
tration. The activity proved stable with 206 turnovers achieved
over 1.25h during controlled potential electrolysis carried out
with 5mM acid initially introduced. Such performances measured
in CH3CN are thus comparable to those reported in 1989 with
a polypyrrole-based electrode-containing catalyst 3 (Fig. 3) and
assayed in aqueous electrolyte [68].

The 7 stacking methodology was also used to immobilize
cobalt dithiolene complexes. Lehnert and coworkers showed that
a cobalt-bis(arenedithiolate) complex spontaneously adsorbs at
a graphene surface deposited onto a fluorine-doped tin oxide
(FTO) electrode. The resulting electrode is active for H, evolution
from weakly acidic aqueous solutions (pH>3) with polarization
curves cathodically shifted by 370 mV with regards to platinum.
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Fig. 11. Self-assembled 2D coordination polymer based on cobalt
bis(arenedithiolate) moieties deposited onto glassy carbon or highly orientec
pyrolytic graphite (HOPG) electrodes.

A TOF>1000s-! has been announced, together with O, tolerance
[92]. The same methodology has been used by Marinescu anc
coworkers to deposit a self-assembled 2D coordination polymei
based on cobalt-bis(arenedithiolate) moieties (Fig. 11) onto glass)
carbon or highly oriented pyrolytic graphite (HOPG) electrode:s
[93]. Hy evolution activity was attested from pH 1 to 2.6 aque-
ous solutions. A relatively low overpotential of 340 mV is requirec
to reach 10 mA cm~2 current density at pH 1.3 and the electrode
material is stable over hours under these conditions. Progressive
peeling-off of the deposited layered coordination polymer thougk
occurs after extensive use.

4. Molecular H,-evolving photocathodes based on
solid-state semiconductors

The development of methodologies to anchor molecular HEF
catalysts onto electrodes has led chemists to envision the integra-
tion of such catalysts in photocathodes (Fig. 1), which are able tc
perform both light-harvesting and hydrogen evolution. A possible
architecture for such electrodes couples a light-harvesting semi:
conductor (SC) with a molecular catalyst directly grafted onto it:
surface. In this section, we will focus on the use of inorganic solid-
state SCs. A common feature to all these electrodes is the utilizatior
of a low band gap SC (Si, GaP, InP, Cu,0, etc.) to perform light:
harvesting in the visible region. The potential of their conductior
band should be located downward from the thermodynamic equi-
librium potential of the H*/H, couple so as to enable photodriver
proton reduction. Doped p-type materials are typically used for the
construction of photocathodes: the SC-electrolyte junction formec
upon equilibration is indeed suitable for the injection of photogen:
erated electrons toward electron acceptors located at the surface
of the electrode or in the electrolyte. Such SC are either in the forn
of bulk material exposing a specific crystallographic plan [94-98
or made of a nanoparticulate network or film deposited onto
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Fig. 12. Structures of the iron-based, molybdene-based and cobaloxime H;-evolving catalysts that have been integrated into various interfacial photocatalytic systems.

conductive electrode [99]. If the latter architecture could ensure
high catalyst loading thanks to its large surface area, the same
could be achieved with planar substrates through coating with
thick polymeric films embedding catalysts as explained in part 3.
Under irradiation, pristine SC materials generally exhibit large pho-
tocurrents. However in many cases a (so-called native) oxide layer
readily forms at the surface/electrolyte junction if the electrode is
exposed to air. The insulating properties of this oxide layer modify
the band-bending and hinders electronic injection at the interface.
Such surface passivation issue is well known in Si-based photo-
electrodes [100,101] and different strategies have been developed
to overcome it. Protection of the surface can be achieved by deposi-
tion of thin metal-oxide layer(s) tolerant to aqueous media onto a
freshly etched SC surface [100,101]. Depending on the nature of
the protective layer (TiO,, Al,03, etc.) and its thickness, photo-
generated electrons in the SC may reach the electrolyte through
the conduction band [100] of the protective oxide or by tunneling
[102]. Of note, functionalization of SC surface by organic groups is
an interesting way to form a molecular protective layer [102]. Yet,
due to the difficulty to achieve complete SC surface coverage, punc-
tual surfaces sites are often still present and constitute entry points
for passivation, thus limiting such an approach [96].

Inorganic solid-state SCs have been intensively used for
developing photocathodes based on solid-state HER catalysts
[100,103-115]. Organic functionalization has also been developed
to attach a catalyst onto the SC surface. The first example of such a
photocathode integrating a molecular HER catalyst dates back from
1984. The electrode was made of p-Si onto which a polystyrene

film functionalized with 1-methyl-[1.1]ferrocenophane 9 (Fig. 12)
was immobilized [94]. In this study, hydrogen evolution from neat
boron trifluoride hydrate (HBF3 OH) used as the electrolyte occurred
at potential shifted 300 mV more negative than at a Pt electrode in
the dark. Although no gas quantification was provided, saturating
currents of 230 mA cm—2 under nine suns as well as extended activ-
ity over 5 days proved the good stability of such electrodes. The
unusual nature of the neat HBF3OH electrolyte used here might
also contribute to such performances, possibly by preventing sur-
face oxide passivation, even if the photocathode was also shown to
operate in aqueous HClO4 electrolyte.

Another example has been reported by Nann, Pickett and
coworkers [99]. Using a layer-by-layer procedure, they first cross-
linked InP nanocrystals through 1,4-benzenedithiolate bridges
onto a gold electrode. The molecular [Fe;(.-S),(CO)g] complex
10 (Fig. 12), whose structure partly mimics the active site of
|FeFe]-hydrogenases, was then simply adsorbed on this material, as
evidenced by FTIR spectroscopy. Under irradiation at 395 nm using
a light-emitting diode (LED) array, photocurrents of ~250 nA cm—2

—0.4V vs Ag/AgCl could be observed in NaBF,; aqueous elec-
trolyte. This photocurrent was correlated to hydrogen evolution
through quantification by gas chromatography after 1 h of electrol-
ysis.

In a more recent attempt, Ott, Kubiak and coworkers were able
to prove quantitative faradaic efficiency using a (111) p-Si elec-
trode poised at —900mV vs Fc*/? and a similar [Fe,(ju-bdt)COg]
(bdt2~ =benzenedithiolate) catalyst, 11 (Fig. 12), here dissolved in a
dry organic electrolyte and not immobilized onto the surface of the
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Fig. 13. Structure of molecular-based photoelectrodes based on p-Si or p-GaP SC
materials.

SC [98]. Interestingly, using HCIO4 as a proton source, the 661 nm
illuminated p-Si electrode evolves hydrogen at potentials 500 mV
higher than those required in the dark at a GC electrode. Yet, the rel-
atively high intrinsic overpotential for HER of 11 does not allow this
irradiated system to reduce protons at potentials upward from the
thermodynamic equilibrium potential of the H*/H; couple. Sim-
ilarly, a robust molybdenum hydride complex, 12 (Fig. 12), was
shown by Pickett and coworkers [116] to sustain hydrogen evolu-
tion photoelectrocatalysis at boron-doped, hydrogen-terminated,
p-type silicon. With 37 mW cm~2 illumination in the 600-700 nm
range, the light-to-electrochemical energy conversion was esti-
mated to be 2.8%.

The use of catalysts displaying lower overpotential and oper-
ating in aqueous media is then highly desirable. In this frame,
Sharp and Moore exploited the phthalimide-functionalized nickel
bis(diphosphine) catalyst 6b (Fig. 5), initially developed for a cova-
lent attachment onto CNTs [78]. (111) p-Si and (100) p-GaP
substrates were etched with buffered hydrofluoric acid and then
decorated by protected pendant amino groups using UV-induced
covalent grafting of N-allyl-2,2,2-trifluoro-acetamide [96]. Further
deprotection of the amino groups followed by amide coupling with
6b gave SC substrates bearing the nickel complex at the surface as
shown by grazing angle attenuated total reflectance (GATR) FTIR
and XPS spectroscopies. GATR-FTIR spectra of the functionalized
substrates also display a vibrational band characteristic of surface
oxide layers likely formed during surface functionalization. No pho-
toelectrochemical activity is reported for this construct. However,
poor performances would be expected because of the presence of
this passivating layer.

Rose and coworkers constructed a related nickel
bis(diphosphine) complex (Fig. 13) onto a methyl protected (111)
p-Si wafer by a stepwise surface modification procedure exploiting
palladium-catalyzed coupling chemistry [117]. XPS and electro-
chemical characterizations allowed a ca 2.5 x 10~ molcm—2
coverage of the Ni catalyst to be estimated. The surface protective
methyl layer provides a good stability upon cycling in the presence
of trifluoroacetic acid (TFA) in CH3CN under a LED 33 mW cm~2
irradiation. The onset HER potential under light irradiation is of
—0.06V vs NHE, only 40 mV more negative than a control Pt-coated
p-Si electrode. The covalently assembled SC-molecular catalyst
construct proved more active than a solution of the same catalyst

in contact with a methylated p-Si photoelectrode (the onset
potential for light driven HER is shifted 200 mV more positive). The
photoelectrocatalytic activity for proton reduction is confirmed by
controlled potential electrolysis, although no faradaic efficiency
nor control electrolysis experiment at a non-decorated substrate
are reported.

Moore and coworkers used a similar strategy to immobilize
a distinct molecular HER catalysts and reported stable activ-
ity in aqueous media. In this case, they successfully decoratec
etched (100) p-GaP by UV-induced grafting and polymeriza-
tion of 4-vinylpyridine [95]. The functionalization results in
polyvinylpyridine (PVP) film coating the GaP substrate and fea
turing pendent pyridine sites, used to bind the cobaloxime
[Co(dmgH)(dmgH,)Cl,] (Fig. 13). Coordination of the cobalt cat:
alyst to the pyridine sites was confirmed by XPS and XANES
analysis, with a maximum surface loading estimated arounc
1.3 x 10~8 mol cm~2. The polymeric PVP coverage of the GaP sur-
face likely provides protection against oxide layer passivatior
by restricting access to surface GaP sites. The authors coulc
thus operate the photoelectrode in neutral aqueous media witk
onset potential at +0.76 V vs RHE and saturating currents close tc
3mAcm2. Performance of the electrode is further assessed by
30 min electrolysis at +0.17V vs RHE under simulated solar irra-
diation (AM 1.5 illumination) with hydrogen evolution as detectec
by GC analysis of the headspace of the cell. The modest decrease
of the current (20%) after 30 min is attributed to the leaching
of coordinated catalysts, as supported by XPS data, rather thar
surface passivation. This observation further demonstrates the
interest of such polymeric functionalization strategy to develop sta-
ble SC-based photoelectrodes. The relatively good stability of the
catalyst-polymer assembly overlayed onto GaP allows the author:
to analyze the performances of the electrode depending on light
intensity and pH of the electrolyte [118,119] and to screen alterna-
tive cobaloximes as catalysts [119]. Of note, they observe a linea
dependence of current density with light intensity, which is a gooc
indication that such a photocathode is limited by the light flux anc
not by the amount or activity of the grafted catalyst [118]. A con
trolled potential electrolysis carried out at +0.17V vs RHE undei
AM 1.5 gives an external quantum efficiency of 1.5% and a faradaic
efficiency >88%, further confirming the high performance of this
construction [118].

Alternatively very efficient photocathodes were reportec
by Chorkendorff and coworkers based on the drop cast
ing of a solution of trinuclear molybdenum cluster salt:
such as [(Cp’)3Mo03S4](0Ts) (13, Cp’=methylcyclopentadienyl
Fig. 12) or Nas[MosS4(Hpmida);] (14, Hpmida=N
(phosphonomethyl)iminodiacetate, Fig. 12) onto p-type planai
and/or pillared Si electrodes [101,120]. The resulting electrode
displayed impressive properties for H, evolution under red-light
illumination. In particular, the stability of the light-driven HEF
activity was found excellent with only 5% decay in the first 30 min
The exact nature of the active species responsible for HER wa:
however not clarified, with the possibility for a transformatior
of the incomplete [Mo3S4] cubane clusters into amorphous
molybdenum sulphide [55] during catalysis.

In conclusion, architectures assembling a molecular catalys
at the surface of a light-harvesting semiconductor seem promis:
ing, especially when coupled with technologies able to overcome
surface passivation issues. Yet, it should be noted that such pho
toelectrodes often rely on materials incorporating rare element:
such as In, Ga or Ge and that fabrication of single crystalline wafer:
is highly demanding in terms of energy cost. While nanoscience:
may help to identify cheaper and more durable SC candidates, the
recent development of organic photovoltaic solar cells has made
room to substitute crystalline SC for cheaper materials in identica
architectures.
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Fig. 14. (a) Schematic for H,-evolving photocathode architecture based on OSCs. (b) Architecture of the P3HT:PCBM/MoS; H,-evolving photocathode [119].

5. H,-evolving photocathodes based on organic
semiconductors

Organic semiconductor materials (OSCs) made of conducting
polymers, oligomers or self-assembled discrete molecules allowed
to develop organic photovoltaics (OPV), with solar cells reaching
10% of power conversion efficiency (PCE) [121] using abun-
dant materials and low-cost solution-based processes. Additional
advantages of using OSCs in the perspective of the construction
of PEC devices are linked to their high optical absorption in the
visible region of the solar spectrum. They generally possess much
more reducing excited states than inorganic semiconductors and
their electronic properties can be easily tuned through struc-
tural modifications [122]. Thus, a wide variety of materials can be
obtained with different energy levels which can be tuned to the
redox potentials of both reductive and oxidative half-reactions in
water splitting. Organic photovoltaic cells are obtained from the
combination and structuration of two OSCs. Light-induced charge
separation is achieved at the interface between the two OSCs. Upon
absorption of a photon in one of the OSCs, an exciton (i.e. a pair of
electrostatically bound electron and hole) forms and then migrates
to the junction with the other OSC. Here the exciton dissociates,
resulting in the appearance of a hole in one OSC called the donor
and an electron in the other OSC called the acceptor. In photo-
voltaic cells, electrons and holes then migrate to the electrodes
where charges are collected. A key issue is the structuration of
the two materials since excitons can only diffuse over a few nm
during their lifetime, i.e. before spontaneous recombination takes
place. Therefore the two OSC must be either deposited as two very
thin layers, possibly with an interlayer containing both compounds,
yielding a mixed interlayer junction, or as a blend of the two mate-
rials forming molecular p-n junctions all over the bulk layer (bulk
heterojunction, BHJ). In general, BH] are formed between a polymer
or an array of small molecules, acting as the light absorber, and a
fullerene derivative [123].

Organic photovoltaic cells in triple-junction configuration,
allowing to reach an open-circuit voltage of V¢ =2.33V, have been
employed in a PV-electrolyzer configuration operated at V~1.70V
[124] with a lower estimate of the STH efficiency of 3.1%. If now
organic junctions are to be used in the context of direct pho-
toelectrochemical water splitting, different conditions should be
met: (i) the organic layer in contact with a liquid electrolyte
must maintain the capacity of light absorption and generating
charges as well as the internal charge separation and transport
to the active surface; (ii) an appropriate photovoltage must be
reached to allow charge transfer between the organic layer and
an acceptor located in the electrolyte or at the surface of the pho-
toelectrode and (iii) the electrochemical reaction at the organic

semiconductor/liquid electrolyte interface must be facilitated by
an appropriate catalyst. Early reports described photocathodes
made of conducting polymers, such as polyacetylene, (CH)y [125],
poly(p-phenylene) [126], polypyrrole [127], polyaniline [128],
poly(3-methylthiophene) [129] or poly(3-hexylthiophene), P3HT
[130,131]. However, these photoelectrodes did not contain any
junction between OSCs nor HER catalysts. Hence only low pho-
tocurrents (few to tens of wAcm~2) were obtained in aqueous
electrolytes, depending on the solution pH, irradiation intensity,
excitation wavelength and film thickness. Another step in the pho-
toactive cathode design was to blend the p-type P3HT conjugated
polymer as the light-harvesting unit and a fullerene derivative as
electron acceptor in a BHJ structure in order to promote electron
transfer. Substituted polythiophenes exhibit interesting proper-
ties as semiconducting photoactive materials. In particular, P3HT
combines commercial availability, sufficient solubility, low band
gap and a high degree of intermolecular order leading to high-
charge carrier mobility [132]. A BH] of n-type fullerene derivative,
phenyl-Cgq-butyric-acid methyl ester (PCBM) and p-type P3HT
conjugated polymer was prepared and used as photocathode in
aqueous saline solution [133]. Again, in the absence of any catalyst,
very low photocurrents are observed and the faradaic yield for Hy
evolution was determined to be 0.3% [133].

Implementation of HER catalysts was found to be key to reach
higher efficiencies. With Pt nanoparticles loaded onto the top of
an organic p/n bilayer film of small molecules (metal-free phtalo-
cyanine, HyPc/fullerene, Cg), photocurrent values reached several
cents of WA cm~2 and the faradaic efficiency for hydrogen produc-
tion in aqueous media approached unity [134]. Hy production at
Pt-coated Cgp/water interface uses electrons from the conduction
band of the Cgg layer. The formation of the two-electron reduced
Cgo%~ species was evidenced spectroscopically [134].

More recently, our group collaborated with Jousselme, Gef-
froy and coworkers in Saclay to develop a series of photocathodes
based on the same P3HT/PCBM BH]J but using amorphous molyb-
denum sulfide (MoSs3) as an earth-abundant HER catalyst instead
of Pt [135]. Photocathodes prepared by the direct spray deposition
of MoS3 on the organic BHJ active layer (Fig. 14) deliver a pho-
tocurrent of 200 wAcm~2 at 0V vs RHE and up to 300 pAcm~2 at
—0.4V vs RHE with a 0.6V anodic shift of the H, evolution reac-
tion onset potential, a value close to the open-circuit potential
of the P3HT:PCBM solar cell. Catalysis in this design was pro-
moted by the addition of TiO, nanoparticles in the MoSs film,
which optimizes both electron extraction at the PCBM interface
and electron transport within the catalytic layer [135]. Sim-
ilar effects were observed by other authors with a compact
TiOx layer separating the P3HT:PCBM BHJ layer and the cat-
alytic film [136]. Different interfacial layers were investigated
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Fig. 15. Structure of the NiO-based photocathode sensitized with a push-pull
organic dye designed in our group.

to improve the charge transfer between P3HT:PCBM and MoSs.
Metallic Al/Ti interfacial layers led to an increase of the pho-
tocurrent by up to 8mAcm~2 at OV vs RHE. A 50-nm-thick
Cgo layer also works as an interfacial layer, with a current
density reaching 1mAcm~2 at OV vs RHE [137]. A P3HT:PCBM
BH]J photocathode was also recently reported to produce hydrogen
from HCl-containing acetonitrile in the presence of the cobaloxime
[Co(dmgH),pyCl] (15, dmgH, =dimethylglyoxime, Fig. 15) used
as a homogeneous catalyst. A maximum photocurrent value of
1.15mAcm—2 at —0.97 V vs Fc*[Fc was obtained with almost quan-
titative faradaic yield [138]. A common issue is the long term
stability of the light-driven activity under operation. Use of an insol-
uble cross-linked PEDOT:PSS hole selective underlayer between
the transparent conducting oxide substrate and the P3HT:PCBM
BH]J layer proved to be quite efficient to avoid delamination of the
organic layer and to allow sustained PEC activity for more than 3 h
with faradaic efficiency of 100% in pH 2 aqueous media [136].

6. Dye-sensitized molecular H,-evolving photocathodes

The development of dye-sensitized photocathodes for hydrogen
evolutionis arelatively recent research area taking most of its inspi-
ration from the p-type dye-sensitized solar cells (p-DSSCs) [139].
Indeed, both systems strongly rely on similar requirements: (i) a p-
type semiconductor fulfilling precise specifications (transparency
in the visible-light domain, high electronic conductivity, low-cost
material and suitability of the valence band potential for electron
transfer to a molecular photosensitizer), (ii) the robust grafting of
a photosensitizing unit onto the surface of the semiconductor and
(iii) the choice of an efficient electron acceptor in order to avoid the
detrimental recombination of the photoreduced dye with the holes
generated in the semiconductor. However, two main differences
also arise for the construction of dye-sensitized photocathodes for
hydrogen evolution: firstly, the final electron acceptor is the HER
catalyst instead of a soluble electron mediator (electrolyte); as a
consequence, the efficiency of the process does not rely anymore
on a single electron transfer but on multielectronic catalysis, thus
introducing kinetic limitations. Secondly, the system should oper-
ate in aqueous electrolytes, which introduces new constrains both
regarding stability and electronics because of the pH dependence
of the surface state of the semiconductor. Such additional complex-
ity makes the development of efficient dye-sensitized H,-evolving
photocathodes highly challenging.

Hence many model studies are limited to the characteriza-
tion of dye-sensitized electrodes assessed in aqueous solutions
but in the presence of homogeneous electron acceptors. Transpar-
ent conducting oxides (TCO) with high surface area are typically
used. Our group, in collaboration with Laberty-Robert and Sanchez,
described the sensitization of new nanostructured mesoporous tin-
doped indium oxide (ITO) films prepared by a polymer-templated

sol-gel technique with a ruthenium-based redox-active dye [140]
Thanks to a large surface area and good electrical conductivity
cathodic photocurrents as high as 50 wAcm~2 were recorded ir
the presence of [Co(NH3)sCl|Cl, used as an irreversible electror
acceptor at an applied potential of 0V vs Ag/AgCl (phosphate
buffer 0.1 M, pH 7). A 150-fold lower photocurrent was measurec
under the same conditions on planar ITO, demonstrating the criti:
cal role of the nanostructured pattern on the performances of the
electrode material. Further improvements were recently demon
strated on similar nanostructured ITO surfaces thanks to smart
optimization of the photosensitizer, now based on a triarylamine:
cyclometalated ruthenium dyad. Thanks to energy level alignmen
between the excited states orbitals of the chromophore and the
conduction band of ITO, dramatic photocurrents enhancement:
were observed [141]. Current density as high as 6mA cm~2 coulc
be reached in the presence of the Lil/l; electrolyte in acetonitrile
Whether such high current may be reachable in aqueous elec:
trolytes remains to be proven since band bending may occur af
a different extent in acetonitrile relative to water.

However, ITO is a degenerate n-type semiconductor, thus pre-
senting a quasi-metallic character. To gain a better control on the
directionality of the electron transfer from the electrode to the
photosensitizer, the ideal candidate is a p-type semiconductor
specifically suitable for hole injection from the ground state of the
excited photosensitizer. In this context, nickel oxide (NiO), suc
cessfully used for the construction of p-type and tandem DSSCs
is a promising electrode substrate for H,-evolving photocathode
applications. In collaboration with the groups of Schacher and Diet-
zek (Jena, Germany), we recently described how the grafting of ¢
push-pull organic dye onto polymer-templated p-type NiO coulc
generate stable cathodic photocurrents (up to 180 wA cm~2) in the
presence of [Co(NH3 )5 Cl]Cl, used as an irreversible electron accep:
tor with an applied potential of 0V vs Ag/AgCl (Fig. 15) [142]. These
results were obtained in aqueous acetate buffer (0.1 M, pH 4.5)
conditions where cobalt-based catalysts are stable and active for
H, evolution [87,88,143].

A step further consists in the replacement of the sacrificial elec-
tron acceptor by well-known HER catalysts. In this context, Odobel
Collomb and coworkers have measured the photocurrent gener-
ated by a [Ru(bipy)s]-sensitized NiO photoelectrode in the presence
of different cobalt- and rhodium-based complexes in acetonitrile
[144]. Photoaccumulation of a square planar Rh(I) complex, irre-:
versibly formed from octahedral [Rh(bipy),Cl,]* was establishec
and the corresponding Rh(IIl)-hydride could be formed in the pres:
ence of formic acid. However, no photoelectrocatalytic H, evolutior
has been evidenced for this system, as the Rh(II)-hydride deriva
tive, key intermediate in the H,-evolving catalytic cycle, could nof
be generated under these light-driven conditions.

The group of Sun designed a first proof-of-concept for a fully
molecular Hy-evolving photocathode [ 145]. The construction relie:
on the covalent anchoring of a push-pull organic chromophore
onto a nanostructured NiO electrode followed by physisorption o
the H,-evolving cobaloxime catalyst 16 (Fig. 12) using a simple
drop-casting method. Upon irradiation the resulting photocath:
ode was able to generate modest photocurrents (5-15 wAcm~2)
associated with H, evolution, that vanished within minutes due tc
the leaching of the catalyst out of the surface. Even though bott
the photocurrent value and the stability are low, this was the firs
demonstration that hydrogen production from sunlight and wate
could be achieved in a noble metal-free PEC device.

It rapidly appeared that stable photosensitizer-catalyst assem-
blies onto the electrode surface are required to warrant a sustainec
activity and also for a better control of the electron transfer cas
cade from the NiO to the catalyst. A wide variety of moleculai
strategies have already been evaluated to assemble a photosen:
sitizer and a water oxidation catalyst for the construction o
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Fig. 16. Structure of the fully molecular photocathode designed by Ott and cowork-
ers [155].

dye-sensitized photoanodes. These approaches, mostly developed
by the group of Meyer, take advantage of the covalent grafting of
phosphonic acid groups onto transparent conductive oxide sur-
faces and rely either on covalent photocatalyst assemblies [52,146],
self-assembled bilayers of photosensitizer and catalyst [147,148],
co-immobilization of photosensitizer and catalysts on a peptide
chain [149,150] and also electropolymerization of catalysts and
photosensitizer films [51,151]. Co-grafting of ruthenium dyes with
water-oxidizing catalysts on TiO, has also resulted in efficient
molecular-based O,-evolving photoanodes with photocurrents in
the 100 pAcm—2 to few mA cm—2 range [48,52,148,152-154]. By
contrast, molecular design for the construction of dye-sensitized
H,-evolving photocathodes is still at its early stage and only a cou-
ple of examples have been reported so far.

The relevance of the co-grafting strategy for the construc-
tion of Hy-evolving dye-sensitized photocathodes has been first
established by Hammarstrém and Ott. Co-sensitization of a nanos-
tructured NiO film by a mononuclear iron-dithiolate Hy-evolving
catalyst and a Coumarin-343 organic dye (Fig. 16) allowed
them to spectroscopically characterize electron transfer from
light-driven reduced dye to the catalyst [155]. Although the
photoelectrode has not been assessed for hydrogen production
under photoelectrochemical conditions, the co-grafting strategy
presents the advantage of the assessment of various photosensi-
tizer/catalyst combinations without requiring difficult synthesis of
photosensitizer-catalyst assemblies. In this perspective, alterna-
tive catalysts ready to be grafted on transparent conductive oxide
substrates have been described in the recent years [156-158].

A more elaborated strategy relies on the grafting of supramolec-
ular or covalent photocatalyst assemblies [ 14| onto the TCO surface.
Although this approach is more costly from the synthetic point of
view, it fully benefits from molecular photocatalyst studies under
homogeneous conditions, which have been at the core of the field
of light-driven hydrogen production for many years. Rau recently
described the synthesis of a Ru-Pt heterobimetallic complex bear-
ing four phosphonic acids, together with its grafting onto NiO
electrode [159]. However, although spectroscopic characterization
is reported, photoelectrochemical properties of the resulting pho-
toelectrode have not been evaluated yet.

More conveniently, Wu and coworkers described the stepwise
surface assembly of a supramolecular Ru-Co photocatalyst (Fig. 17)
by binding of the classical cobaloxime catalyst 16 (Fig. 12) on a
pyridine-substituted cyclometalated ruthenium dye anchored onto
NiO [160]. This design is directly inspired by early work from our
group on supramolecular photocatalysts [161,162]. This approach
does notrequire the preliminary demanding synthesis of covalently
linked photocatalyst. The resultant photoelectrode exhibits stable

&
N
I+
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Fig. 17. Structure of the molecular H,-evolving photocathode designed by Wu and
coworkers.

photocurrents of 10 wA cm~2 in aqueous phosphate buffer (0.1 M,
pH 7) at an applied potential of 0.1V vs NHE, associated to hydro-
gen production (measured by gas chromatography). A preliminary
Al,03 coating of the NiO surface using atomic layer deposition
(ALD) proved to be crucial to enhance the activity. This insulat-
ing layer is proposed to slow down electron-hole recombination
between photosensitizer and NiO surface.

As an alternative to the covalent anchoring of phosphonate or
carboxylate-functionalized ruthenium photosensitizers onto TCO,
Moutet, Deronzier and coworkers have recently described the con-
struction of a composite photocathode by electropolymerisation
of a pyrrole-functionalized [Ru(bipy);]?* precursor, followed by
electrosynthesis of nanoparticles of MoSy, a highly efficient HER
catalyst, within the resulting poly(tris(bipyridyl))ruthenium film
[163]. These particles were electrogenerated from [MoS,4]2~ anions
incorporated as counterions in a polypyrrolic ruthenium-based
film. Steady-state illumination of the resulting electrode material
under acidic conditions (0.5M H,S04, —0.1V vs Ag/AgCl applied
potential) yielded stable photocurrents of 15 WA cm—2, associated
to Hy production with faradaic yield close to unity.

Finally, the overall Z-scheme of photosynthesis could be
reproduced by combining such dye-sensitized H,-evolving pho-
tocathode with O,-evolving photoanode in a dye-sensitized PEC
cell (Fig. 1c). Such overall light-driven water splitting has been
achieved by two different teams in the last years. First, Mozer and
coworkers described the use of a NiO-based photocathode, sensi-
tized by an organic push-pull dye. The reduction potential of the
reduced dye generated upon steady-state illumination is proposed
to be low enough to allow direct proton reduction, in the absence of
any catalyst. When used in combination with a solid-state BiVO4-
based photoanode in a two-electrode tandem cell, such a system
gave rise to a stable photocurrent of 2.7 WA cm~—2 in aqueous solu-
tion (NapySO4, pH 7) without any external bias [164]. Hydrogen
production was confirmed by gas chromatography measurements,
allowing the determination of a faradic yield of ~80-90%. The low
activity probably originates from the absence of any H;-evolving
catalyst in the design. Moreover, the authors were unable to mea-
sure O, production at the anodic compartment.

More recently, the group of Sun described a fully molecular
PEC cell (Fig. 18, top) [153]. Co-adsorption of a ruthenium-based
light-harvesting unit with a cobaloxime catalyst derived from
15 (Fig. 12) onto NiO allowed the preparation of the molecular
photocathode. The anodic counterpart of the system was based
on a dye-sensitized TiO, photoelectrode on which a ruthenium
catalyst was co-grafted, adapted from previous studies reported
by the same group [148,152-154]. The PEC device obtained by
the association of these two photoelectrodes was able to gener-
ate a photocurrent of 25 WA cm—2 under visible-light illumination
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Fig. 18. Structure of the fully molecular PEC cells designed in the group of Sun [155,165].

(300mW cm~2). However, it showed to be relatively unstable
over time, only 70% of the photocurrent remaining after 200s of
irradiation. The same group recently reported an improved fully
molecular tandem cell, relying on the co-grafting of organic dyes
with the same Ru-based water oxidation catalyst at the photoan-
ode and a slightly modified cobaloxime catalyst at the cathode
(Fig. 18, bottom)[165]. Water splitting activity has been established
under neutral aqueous conditions, with a photocurrent density
of 70 wAcm~2 that slowly decays (40% loss within 10 min) and a
faradic yield of 55% measured over 100 min of operation. The STH
yield of this device was estimated to be 0.05%.

7. Conclusion

As exemplified in this review, significant progresses have been
made in the last decade regarding the immobilization of molec-
ular catalysts for Hy evolution onto surfaces. This encompasses
the production of dark cathodes, for which highly conductive
and cheap nanocarbon materials are the best choice as electrode
materials, and first attempts toward the construction of molecular
photocathodes. The target here is both to increase the onset poten-
tial for light-driven H, evolution and to reach high photocurrent

density values, with 20mAcm~2 corresponding to a proper use
of each photon provided by the sun [21]. To date the use of bull
semiconductors, both solid-state inorganic and organic materials
provide the highest photocurrent values but suffer from low sta-
bility when in contact with aqueous electrolytes. Alternatively
all molecular assemblies exploiting part of the DSSC technol:
ogy seems promising, but this approach is hampered by the lacl
of a transparent p-type semi-conducting photocathode materia
which could equal the properties of TiO, as a photoanode sub:-
strate.
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Moving from homogeneous water-splitting photocatalytic systems to photo-
electrochemical devices requires the preparation and evaluation of novel
p-type transparent conductive photoelectrode substrates. We report here
on the sensitization of polystyrene-block-poly-(2-vinylpyridine) (PS-b-P2VP)
diblock copolymer-templated NiO films with an organic push—pull dye.
The potential of these new templated NiO film preparations for photoelec-
trochemical applications is compared with NiO material templated by
F108 triblock copolymers. We conclude that NiO films are promising
materials for the construction of dye-sensitized photocathodes to be inserted
into photoelectrochemical (PEC) cells. However, a combined effort at the
interface between materials science and molecular chemistry, ideally
funded within a Global Artificial Photosynthesis Project, is still needed to
improve the overall performance of the photoelectrodes and progress
towards economically viable PEC devices.

1. Introduction

The production of fuels through light-driven processes is a promising solution
for the durable storage of solar energy [1-3]. For example, molecular hydrogen
can be produced from water splitting with O, being generated as a side pro-
duct. Alternatively, coupling photocatalytic water oxidation with the
reduction of CO, produces carbon-based fuels, with a net zero-carbon footprint.
A number of molecular and supramolecular photocatalytic systems for H, evol-
ution, CO, reduction or water oxidation have been reported during the last
decade [4-20]. These systems however only achieve one-half of the targeted
process and require the use of sacrificial components to furnish or accept the
electrons required or produced by the catalytic reaction, respectively. Most
attempts to couple light-driven oxidative and reductive processes in homo-
geneous phase have not been successful so far. A solution to this issue
consists of separating these processes into two compartments of a photoelectro-
chemical (PEC) cell [21]. This approach has the obvious advantage of avoiding
the production of potentially exploding mixtures. It, however, requires a fine
regulation of photon, electron and proton management between both photo-
catalytic systems, which can be achieved through the grafting of the active
components at the surface of transparent conductive electrode substrates [22].
Extending the n-type dye-sensitized solar cell (DSSC) technology, significant
achievements in this direction have been reported recently regarding the

© 2015 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1. Scanning electron micrographs from secondary electrons (SEI) (top view and inset: cross-section) of NiO films. (a) A triple layer of NiO synthesized with
PS-b-P2VP as template; (b—d) F108-templated NiO with increasing number of layers from 1 to 3.

preparation of molecular-based photoanodes for water oxi-
dation [23-29]. Co-grafting of a water-oxidizing catalyst
with a molecular dye on mesoscopic TiO, substrates yielded
electrodes able to deliver up to 2 mA cm ™2 photocurrent corre-
sponding to O, evolution under visible irradiation [27]. Of note,
such a current density corresponds to approximately 20% of the
targeted performance for implementation in a PEC device with
10% solar to fuel efficiency [30]. By contrast, the preparation of
molecular photocathodes with similar architectures is strongly
hampered by the lack of a suitable p-type transparent electrode
substrate [31]. Despite its inherently low electronic conduc-
tivity, nickel oxide (NiO) currently stands as the benchmark
of such materials. Efforts have targeted the preparation of
nanostructured NiO films to increase the active surface area
of the electrode, and thus to optimize the loading in photocata-
lytic units [32-37]. A facile synthetic route to nanostructured
NiO films with a Brunauer—Emmett—Teller (BET) area of
about 50 m* g~ * has been recently described based on the use
of amphiphilic polystyrene-block-poly-(2-vinylpyridine) (PS-b-
P2VP) diblock copolymers as templates [38]. We report here
on the sensitization of such a material with an organic push-
pull dye and demonstrate the potential of templated NiO
film preparation for photoelectrochemical applications.

2. Results and discussion
2.1. NiO film preparation

Porous nanostructured NiO films were deposited onto
fluorine-doped tin oxide (FTO)-coated glass substrates

according to a procedure previously described for deposition
on glass substrates using amphiphilic polystyrene-block-poly-
(2-vinylpyridine) (PS7s-b-P2VP,s5) diblock copolymers—the
subscripts denote the weight fraction of the corresponding
block [38]. The procedure was repeated three times to
obtain three-layer films with homogeneous film thicknesses
of 150-200 nm as measured by scanning electron microscopy
(figure 1). These films are almost transparent in the visible
region (400-800 nm; see below). In this study, we compared
PS-b-P2VP-templated  films with previously reported
F108-templated films [35,39]. These films (figure 1) have
thicknesses ranging from 300-400 nm for mono-layered
substrates to 900—1000 nm for three-layer films.

2.2. Synthesis and characterization of a push—pull
organic dye

Donor-mr-acceptor (push—pull) organic dyes have shown
relatively high performances in NiO-based p-type DSSCs
because of their large molar extinction coefficients [40].
Compound 1 (figure 2 and table 1), containing a triarylamine
electron-donor part and an ethyl cyanoacetate electron-accep-
tor part separated by a thiophene unit, has been prepared in
two steps from previously described di-tert-butyl 4,4'-((4-
(5-formylthiophen-2-yl)phenyl)azanediyl)dibenzoate ~ [41].
The UV -visible absorption spectrum of 1 in CH3CN solution
displays a typical charge-transfer (CT) band centred at
436 nm (29300M ' em Y. Upon excitation at 420 nm, emis-
sion of 1 is observed with maximum intensity at 572 nm. The
cyclic voltammogram of 1 in CH3;CN displays a reversible

€a00107 5 smog ey Buobunsygndiiapospeforss [



(@) (b)

N E
eV V versus NHE)
NC 0 -/
OH 344114
| N7/
e} S o
aw e ¥ Collycol
N —45 --—0.05 (IEA)
1 _5.04+0.54 \ Sce
Vi N T
-5.81+1.24
O OH NIO !“t .
E (V) versus NHE
(© ) —1;0 _O'.S 0 0.|5 1'.0 1.5
412
10 pA
30000+ 1.0
~ 0.8 5
| (]
£ 200001 =
-~ 06 2
|
s £
w 04 =
10000+
0.2
T T T T T 0 T T T T T T T
300 400 500 600 700 -20 -15 -10 -05 00 05 1.0
wavelength (nm) E (V) versus Fct/Fc

Figure 2. (a) Structure of 1. (b) Energy-level diagram of a p-type NiO photocathode sensitized with 1, in the presence of [Co(NH5)sCI]Cl, as the irreversible electron
acceptor (IEA) in solution. (c) UV—vis (black line) and normalized fluorescence (red line, excitation at 420 nm) spectra of 1 measured in CH;CN at a concentration of
5 wM. (d) Cydlic voltammogram of compound 1 (1 mM) recorded at a scan rate of 100 mV's™ ' on a glassy carbon electrode in CHsCN containing 0.1 M n-Bu,NPF¢
as supporting electrolyte. (Online version in colour.)
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Figure 3. (a) Absorption spectra of a blank PS-b-P2VP-templated three-layer NiO electrode (black line) and of the same electrode after sensitization with 1 (orange
line). The difference between these two spectra is shown as a blue line. (b) Comparison of corrected spectra recorded on a dye-sensitized PS-b-P2VP-templated
three-layer NiO film (blue line), dye-sensitized F108-templated NiO films (one layer: fuchsia line; two layers: red line; three layers: green line) and CH3(N (5 M)
solution spectrum of 1 (dotted line).

oxidation signal at +0.72 V versus Fc™/Fc and an irreversible +1.24 V versus the normal hydrogen electrode (NHE) and
reduction wave at E,. = -1.57 V versus Fc'/Fc (figure 2). -1.14 V versus NHE for the 1/1" and 1*/17 couples, respect-
From these values, we could determine potential values of ively, 1* representing the excited state of 1 (table 1). These
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Table 1. Spectroscopic and energetic data for compound 1.

E LUMO

Amax(Abs)?® Evomo

Amax(Em)®

(V versus NHE) eV (V versus NHE)®

436 572
*Spectra measured at 5 WM in CHy(N.
®0—0 transition energy, £,_o, estimated from the intercept of the normalized absorption and emission spectra in CHsCN.
‘Estimated HOMO energy, Eyomo, obtained from the ground state oxidation potential.

HOMO energy in eV obtained from the redox potential related to Fc"/Fc with a calculated absolute energy of —0.51 eV [44].
“Estimated LUMO energy, E,ywo, obtained from the estimated HOMO energy by adding the 0—0 transition energy, £y_.

29300 2.39 +1.24 —5.82

Table 2. Surface and volume concentrations of 1 grafted on different substrates.

substrate thickness (nm) dye surface conc. (mol cm™?) dye volume conc. (mol cm )
PS-b-P2VP-templated three-layer films 150200 3x107°-5x10"° 14%10°
F108-templated one-layer films 300-400 4x107°-5%x10"° 12%x10°
F108-templated two-layer films 500-600 7x107°-9%x10° 1Bx10°
F108-templated three-layer films 9001000 9% 10 °-15x10? 14 x107°

—1.14

—3.43

potentials can be approximated to the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energy levels, respectively (figure 2b), calcu-
lated using quantum chemistry (density functional theory
(DFT)) to be separated by 2.1 eV. This value was determined
as the lowest energy from the UV -vis spectrum evaluated
using a time-dependent DFT method [42]. Plots of the
HOMO and LUMO are shown in figure 2b, whereas the cal-
culated spectrum is shown in the electronic supplementary
material. The distributions of HOMO and LUMO of 1
evidence another advantage of push-pull dyes achieving
spatial charge separation in the excited state. Indeed, the
donor part, where the HOMO is centred and a hole located
in the excited state, was designed to support the anchor
groups. It is thus connected to the electrode which optimizes
hole injection. By contrast, the acceptor moiety, where the
LUMO is centred and an electron is located in the excited
state, is located away from the electrode surface, which
both limits recombination with the p-type semi-conductor
material and fosters electron transfer towards an electron
acceptor in solution. The HOMO energy level in 1 is lower
than the top of the valence band (VB) in NiO (0.54 V versus
NHE at pH 7) [43] (table 1), in good agreement with hole
injection from photo-excited 1 to the NiO VB (figure 2b). In
that context, the presence of two anchoring carboxylate
groups attached on the triarylamine moiety favours both
strong binding of 1 to NiO and electronic coupling optimization
between the HOMO in 1 and the NiO VB orbitals.

2.3. Ni0 film sensitization and characterization

The different NiO substrates were sensitized through soaking
in a CH3CN solution of dye 1 for 24 h. The samples were
rinsed with CH3CN and dried in air before characterization.
Figure 3 displays typical absorption spectra of the dye-
sensitized electrodes showing new features as compared
with the spectra of pure NiO samples. Subtraction of the
absorption of the blank NiO substrate (blanks were measured
on the same sample before sensitization) reveals the

absorption spectrum of dye 1 grafted onto the NiO surface.
For all samples, a spectral broadening associated with a
small red shift (ca 10 nm) of the absorption band is observed.
These modifications could result from interactions of the dye
molecules with the NiO substrate through grafting and
possibly from intermolecular interactions between adjacent
grafted dyes. Assuming that these interactions do not signifi-
cantly modify the molar absorption coefficient &max of
the dye, we estimated the surface concentration of 1 using
equation (2.1). We give in table 2 the ranges of dye surface
and volume concentrations obtained for the various
substrates using equations (2.1) and (2.2),

max x absorbance

surf. conc. (molcm 2) = 2.1
. ( )= 1000 x e M Tem ) &)
and
_3, _ surf. conc.
vol. conc. (molem™) = thickness - (2.2)

As expected, the surface concentration of the F108-templated
substrates varies almost linearly with the thickness of the
films. The surface concentration of PS-b-P2VP-templated
three-layer films is slightly lower than the one obtained for
the mono-layer F108-templated films, in good agreement
with the reduced thickness of these films. Accordingly, the
calculated dye volume concentration is almost identical in
all dye-sensitized films.

In order to detail the electron-density changes within the
dye on the NiO surface, which are associated with photo-
absorption, resonance Raman (rR) measurements have been
carried out. Furthermore, rR mapping allows for visualizing
the distribution of the dye on the NiO surface. The rR spectra
in solution (figure 4a) and on NiO (figure 4b,c) are identical
except for the fluorescence background (see below) and the
Raman bands of the solvent. All of them are in good agree-
ment with the DFT-calculated Raman spectra after
application of a 0.98 scaling factor (figure 4d). This means
that binding to the surface does not influence the nature of
the initial photoexcitation in 1. Upon changing the excitation
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Figure 4. Resonance Raman spectra of 1 in CHy(N at an excitation wavelength of 413 nm (a); 1 on PS-b-P2VP-templated three-layer NiO film at 413 nm (b) and
476 nm (c) excitation wavelengths; DFT-calculated Raman spectrum of 1 after application of a 0.98 scaling factor (d).

wavelength from 413 to 476 nm the overall pattern of the rR
spectrum of 1 is preserved except for slight alterations of
band intensities: bands at 1440, 1526 and the three bands at
about 1200 cm ™! gain intensity, while the band at 1584 cm !
drops in intensity. The rR map (figure 5) shows a homo-
geneous distribution of the dye on the surface since most
pixels of the map exhibit integrals of the band at 1440 cm
which correlates with the dye concentrations between 3500
and 4500 counts cm ™ *. Nonetheless, some regions of higher
dye concentration (up to ca 6500 counts cm ™) on the surface
are observed. These might originate from inhomogeneities
in the NiO surface introduced upon the deposition of the
copolymer—Ni reaction mixture during the doctor blading.

2.4. Photoelectrochemical properties of dye-sensitized
NiO films

We then investigated the PEC properties of these
dye-sensitized NiO films. The substrates were used as the
working electrode in a three-electrode configuration pur-
pose-designed cell. Aqueous sodium acetate buffer (pH 4.5;
0.1 M) was first chosen as the electrolyte and the current
was recorded under chopped irradiation conditions (400—
800 nm filtered Xe lamp light; 100 mW cm™?; two suns) at
various potentials applied to the working electrode in the
presence of [Co(NH3)sClI]Cl, as an irreversible electron accep-
tor (IEA in figure 2b) in the solution. The linear sweep
voltammogram recorded under chopped light (figure 6)
shows the establishment of a photocurrent with onset at

+0.61V versus NHE, in good agreement with the potential
of the VB edge of NiO (figure 2), and maximum photocurrent
densities at +0.20 V versus NHE (0 V versus Ag/AgCl). We
therefore used this potential for the whole series of exper-
iments described below. In the absence of any electron
acceptor in solution, small cathodic photocurrents (ca 10 A
cm?) were recorded. This phenomenon has been previously
observed and assigned to H, evolution [45] although we
could not detect any hydrogen in the headspace of the cell
after 12 h of continuous photoelectrolysis. We thus believe
that a significant part of this photocurrent is due to the
reduction of residual traces of O, present in the electrolyte
or trapped within the nickel oxide films. Nevertheless, such
a behaviour is directly related to the presence of 1 at the sur-
face of the films since non-sensitized NiO films do not show
any photocurrent under the same conditions.

Photocurrent enhancement observed in the presence of
IEA (figure 6) is attributed to the establishment of photo-
induced electron transfers from NiO to IEA, mediated by
the excited dye. Two mechanisms are possible: in the oxi-
dative quenching process, a photo-induced electron transfer
occurs from photo-excited 1 to the Co(Ill) acceptor in sol-
ution, the ground state of 1 being subsequently regenerated
through hole transfer to the conducting band of NiO. In the
alternative reductive quenching process, hole injection from
the excited state of 1 to NiO occurs first, producing surface
immobilized 1, which in turns reduces the Co(IlI) complex
and regenerates the ground state of 1. The latter mechanism
is supported by the strongly reduced fluorescent background
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Figure 5. Resonance Raman map of 1 on a PS-b-P2VP-templated three-layer
NiO film. (Online version in colour.)
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Figure 6. (a) Linear sweep voltammogram (10 mV s ") recorded under
chopped light on a PS-b-P2VP-templated three-layer NiO film sensitized
with 1 in [Co(NH5)sC11Cl, (10 mM)/acetate buffer (pH 4.5; 0.1 M). (b) Catho-
dic photocurrent measurements recorded on NiO electrodes sensitized with 1
in [Co(NH5)sCI1Cl, (10 mM)/acetate buffer (pH 4.5; 0.1 M) with 0 V versus
Ag/AgCl applied potential: PS-b-P2VP-templated three-layer NiO film (blue
trace) and F108-templated NiO films (one layer: fuchsia trace; two layers:
red trace; three layers: green trace).

observed during rR spectra of 1 when shifting from solution
onto NiO (see electronic supplementary material). We have
studied the variation of the photocurrent value with the con-
centration of the Co(III) electron acceptor in solution. Figure 7
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Figure 7. Variation of the stabilized photocurrent with the concentration of
[Co(NH5)5CI1Cl,, measured on a PS-b-P2VP-templated three-layer film sensi-
tized with 1, in acetate buffer (0.1 M, pH 4.5) at an applied potential of 0 V
versus Ag/AgCl. (Online version in colour.)
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Figure 8. Cathodic photocurrent measurements recorded on PS-b-P2VP-
templated three-layer NiO electrodes sensitized with 1 in [Co(NH5)sCl]Cl,
(10 mM) with OV versus Ag/AgCl applied potential. The measurement
was first carried out in acetate buffer pH 4.5 (black trace). Then the electro-
lyte was changed for phosphate buffer pH 7 and a new measurement was
performed (red trace).

shows that the photocurrent value does not vary much for
cobalt concentrations superior to 10 mM. There are two pos-
sibilities for the rate-determining step in this experiment.
First, diffusion of the Co(Ill) electron acceptor within the
porous film can limit the reaction. Second, under the assump-
tion that diffusion does not influence photocurrents, hole
injection can be rate-determining. The probability that diffu-
sion is dominating this process is higher as hole injection is
generally reported to be very fast with time constants of
hundreds of femto-seconds to a few pico-seconds for organic
dyes [46—-50]. Photocurrent densities as high as 270 nA cm 2
are obtained for F108-templated three-layer NiO films
(figure 6). Interestingly, 1-sensitized PS-b-P2VP-templated
three-layer films display photocurrent values as high as
those obtained for thicker F108-templated one-layer films.
This indicates that the PS-b-P2VP-templated formulation
proves superior to the thicker F108-templated one for such
PEC applications. For thicker films, however, the photocur-
rent density does not linearly vary with the film thickness
or the surface concentration of the dye. Such a current
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plateauing may come from limited diffusion of the Co(III)
complex within the films.

Nevertheless, in all cases, the photocurrents proved very
stable with time. We thus decided to compare the aqueous
acetate buffer conditions examined here with phosphate
buffer conditions more typically used in the literature
[27,51,52]. Figure 8 compares the PEC performance of the
same electrode recorded first in acetate buffer (pH 4.5,
black trace) and then in phosphate buffer (pH 7, red trace).
Photocurrents measured in phosphate buffer are clearly less
stable with time than those measured in the presence of
acetate buffer as the electrolyte. After 10 min, they usually
stabilize to values between 40 and 60 pA cm™ 2 This is
likely to be due to the fact that phosphate ions interact
more strongly with the NiO surface than the carboxylate
anchors in 1, so that some dye leaches from the surface. We
observe a lag phase to this phenomenon which may corre-
spond to the time required to displace surface-anchored
acetate anions which are more tightly bound than dye 1.

We finally compared the push—pull dye 1 with the Ru-
based dye [Ru(bpy)a(4,4'-(CH,PO3H,),-bpy)]ClL, (2) contain-
ing two phosphonic acid functions as anchoring groups.
This dye also absorbs visible light around 450 nm but with
a lower molar absorptivity (6 =11000M 'cm™') than 1.
PS-b-P2VP-templated NiO films sensitized with 2 display
similar surface concentrations in the 1.5-2.8 nmol cm ™ range.
A maximum photocurrent density value of 15 wA cm ™ could
be measured at 0 V versus Ag/AgCl for 20 mM concentrations
of [Co(NHj5)sCl]Cl, in either acetate or phosphate buffer. This
value is 10-fold lower than those obtained with 1-sensitized
films under similar conditions. This value is also lower than
that (50 pA cm 2) measured for a 500-nm-thick polymer-
templated nano-ITO film sensitized with the same
ruthenium-based dye 2 and a similar surface concentration
(44nmol cm %) [51]. This comparison supports the
combination of a p-type NiO electrode substrate with
push—pull organic dyes with enhanced light absorptivity as
optimal architecture for the design of molecular-based
photoelectrodes.

3. Conclusion

This study shows that state-of-the-art NiO films are suitable
materials for the construction of dye-sensitized photocathodes
with current densities up to 300 wA cm ™% Such photocurrent
densities can be achieved with simple and easily accessible
push—pull organic dyes displaying high molar absorptivities
in the visible region. Further developments in materials
chemistry are needed to increase these values to a few
mA cm 2 and to comply with the requirement of economi-
cally viable PEC devices [30]. Nevertheless, state-of-the-art
Hy-evolving molecular photocathodes still exhibit 10-fold
lower photocurrents, indicating that efforts should now be
directed towards the optimization of directional electron
transfer from the grafted dye (either in the photoexcited or
reduced state) to the catalytic unit and/or the development
and integration of faster multi-electron reduction catalysts.
The stable photocurrents obtained in pH 4.5 acetate buffer
electrolyte, i.e. conditions where cobalt-based catalysts have
proved to be stable and active for H, evolution [53,54], hold
promise for the development of functional photoelectrodes.
This study resulting from the combined efforts of four

distinct groups from France and Germany demonstrates the -

relevance of a Global Artificial Photosynthesis Project pro-
moting interactions at the interface between various fields
such as materials science, molecular chemistry, theoretical
chemistry and physical chemistry. Such a global enterprise
must not only be continued, but also supported and
funded, at the international level.

3.1. Experimental section

All chemical reagents were purchased from Sigma sources
and used as received. Di-tert-butyl-4,4’-((4-(5-formylthio-
phen-2-yl)phenyl)azanediyl)dibenzoate was synthesized as
previously described [41]. FTO-coated glass substrates
(L1 mm thickness; 80Q0 ') were purchased from
SOLEMS S.A., Palaiseau, France. 'H and *C NMR analyses
were performed on a Bruker Avance III 300 spectrometer.
Chemical shift values are given in ppm with reference to sol-
vent residual signals [55]. Fourier transform infrared spectra
were recorded on a Perkin-Elmer Spectrum 100 spectrometer
using a Pike Miracle single reflection attenuated total reflec-
tance (ATR) sampling accessory equipped with a Ge crystal.
UV-visible absorption and emission spectra were recorded
on an Agilent Cary 60 UV-Vis spectrometer and a Jasco
FP-8500 fluorimeter, respectively. Cyclic voltammograms
were recorded with a Bio-logic SP300 potentiostat under
nitrogen at room temperature. A standard three-electrode
configuration was used consisting of a glassy carbon working
electrode, an auxiliary platinum wire and an Ag/AgCl/aqu-
eous AgCly, +KCl 3moll " (denoted as Ag/AgCl
throughout this text) reference electrode closed by a Vycor
frit and dipped directly into the solution. The [Fe(CN)eJ*~/
[Fe(CN)e]*~ couple (E° = 4+0.215 V versus Ag/AgCl; referred
at +0.425 V versus NHE in 0.1 M potassium phosphate buffer
at pH =7) [56] was then used for the standardization of the
measurements in aqueous solution [56]. The Fc*/Fc couple
(measured at E® = +0.43 V versus Ag/AgCl) was used as a
reference for CV measurements in acetonitrile (potentials
measured versus Fc'/Fc and converted to NHE by addition
of +0.53 V [57]).

The ORCA program [58] (v. 3.0.2) was employed for all
DFT calculations. Geometry optimizations were performed
using the B3LYP functional [59,60] and the Ahlrichs TZVP
basis set, which is of triple-zeta quality [61], augmented by
extra polarization and diffuse functions (ORCA keyword
ACCOPT). Calculations were done both in vacuum and
with an implicit solvent model of acetonitrile, using
ORCA’s version of the COSMO method [62]. After geometry
optimization, time-dependent DFT calculations were carried
out to determine the UV-vis spectra and the HOMO-
LUMO gap [42], together with harmonic frequency
calculations to evaluate the IR and Raman spectra. The
plots of the HOMO and LUMO orbitals were made with
the VMD program [63].

Scanning electron microscopy was performed on a
JSM-6300F (JEOL, Tokyo, Japan) field-emission microscope
(FE-SEM). The lateral resolving power of the system
is specified to be approximately 3nm at 15keV. An
Everhardt—Thornley-type detector was used for imaging for
secondary electrons (SEI). If needed the specimen stage was
tilted (up to 60°) to enhance the topographic visibility. The
Ni**-loaded material was deposited onto glass substrates.
In order to avoid charging effects all samples were coated
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with approximately 20 nm carbon. Cross-sectional prep-
arations were performed after short-term LNj-cooling in
order to reduce the degree of ductility and to achieve plain
true-edge fracture patterns.

For the rR microspectroscopy measurements a conven-
tional micro-Raman set-up (Labram HR, Horiba Jobin
Yvon) was used. The spectrometer was equipped with a
600 line mm ' grating and combined with an Olympus
inverse microscope IX71. The excitation wavelengths were
delivered by a krypton-ion laser (Model Coherent Innova
301C; A =413 and 476 nm). For the measurements, the laser
was focused onto the dye-sensitized NiO surface using an
Olympus 20x UPlan FLN microscope objective. The incident
laser power was 1 mW at the sample, the spot diameter was
1 pm. The spectra were recorded with an integration time of
2 s per spectrum. All spectra presented in this paper are mean
spectra of a quadratic map (60 pm edge length, 10 x 10 spec-
tra), which builds a profound and statistically reliable basis
for the comparison of rR intensities. The mean spectra were
processed by the statistics-sensitive nonlinear iterative peak-
clipping (SNIP) algorithm for background correction using
Gnu R [64] and the library ‘Peaks” with 20 iterations [65].

The synthetic procedure for the preparation of templated
NiO films followed that described in the literature [38].
Polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) was syn-
thesized via sequential anionic polymerization using a
procedure adopted from the literature [66]. The mixture of
block copolymer and Ni was deposited through doctor blading
for three times on FTO-coated glass substrates with 5 min in a
furnace at 450°C after deposition of the first and second layer
and 25 min in the furnace after the third deposition step.

3.1.1. Di-tert-butyl-(E)-4,4-((4-(5-(2-cyano-3-ethoxy-3-oxoprop-
1-en-1-yl)thiophen-2-yl)phenyl)azanediyl)dibenzoate

To a solution of di-tert-butyl-4,4’-((4-(5-formylthiophen-2-
yl)phenyl)azanediyl)dibenzoate (1eq, 0.2 mmol, 110 mg)
and ethyl cyanoacetate (95 eq, 19 mmol, 2 ml) in 5 ml of dry
CHCl; was added piperidine (25eq, 5 mmol, 0.5 ml). The
reaction mixture was stirred at room temperature for 12 h
under argon and protected from sunlight. The mixture was
diluted with CHCl; and washed with 1M aqueous HCl
then water. After removal of the solvent, the crude product
was purified on a silica gel column using pentane/ethyl acet-
ate (8/2) as eluent to give the di-tert-butylester as an orange
solid (88 mg; 68%). "H NMR (CDCls, 300 MHz): 8 (ppm) 8.27
(s, 1H),7.90 (d, ] = 8.6 Hz, 4H), 7.73 (d, ] = 4 Hz, 2H), 7.60 (d,
J=85Hz, 2H), 7.35 (d, ] = 4 Hz, 1H), 7.11 (m, 6H), 4.35 (q,
J=7.1Hz, 2H), 1.58 (s, 18H), 1.38 (t, ] = 7.1 Hz, 3H). *°C
NMR (CDCl;, 75 MHz):

d (ppm) 165.3, 163.1, 154, 150.2, 147.8, 146.5, 139.3, 134.8,
131.1, 128.6, 127.8, 127.2, 125.3, 124.1, 123.5, 116.2, 97.9, 81,
62.5, 28.3, 14.3. HR-MS (ESI"): m/z calcd for CzsH3zoN,O6S
651.2523; found 651.2517 [M + H]".
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overall theoretical H, conversion.

Introduction

Since He et al. reported the first dye-sensitized NiO photo-
cathode and assembled it in a tandem dye-sensitized solar cell,
an opportunity to increase the efficiency of solar energy conver-
sion in photoelectrochemical devices has been recognised."”
Firstly, the theoretical maximum efficiency of dye-sensitized
solar cells (DSCs) is increased from 33% to 43% by replacing
the platinized counter electrode in conventional DSC with a
photocathode such as dye-sensitized NiO (Fig. 1a). Secondly,
the redox electrolyte which completes the circuit in a photo-
electrochemical solar cell (i.e. a DSC) can be replaced with water
so that hydrogen can be generated at the photocathode and
oxygen can be formed at the photoanode (Fig. 1b). This dye-
sensitized photoelectrosynthetic cell (DPEC)® can produce hydro-
gen as a solar fuel while avoiding the requirement for sacrificial
agents which are usually required in photocatalytic approaches.”™
In such architectures, catalysts, either molecular or materials, are
usually required to facilitate water splitting into hydrogen and
oxygen. Both types of device are relatively new concepts and
the efficiency of the devices that have been reported is very low
(2.42% efficiency for a tandem DSC® compared to 13% efficiency
for the state of the art TiO,-based DSCs;’ maximum incident
photon-to-current efficiencies up to 15% in TiO,-based DPECs®
compared to 0.6% for NiO-based DPECs’). Therefore the
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Fig. 1 Schematic illustration of (a) a tandem dye-sensitized solar cell and (b) a dye-sensitized photoelectrosynthetic cell. (VB: valence band; CB:
conduction band; HEC: hydrogen evolution catalyst; OEC: oxygen evolution catalyst).

efficiency of tandem photoelectrochemical devices is limited by
the performance of the photocathode. A breakthrough in this
area is anticipated if highly efficient p-type photocathodes can
be realised."

Recently, the performance of NiO-based DSCs were reviewed
in the context of the preparation method used for the meso-
porous electrode.'" It was observed that surface morphology is
of primary importance to control the oxidation properties of
NiO. The presence of defects is important to the performance of
the device, especially the recombination reactions (2) and (3) in
Fig. 1(a). The most efficient devices that have been reported
were prepared from pre-formed NiO nanoparticles and compa-
nies such as Solaronix and Dyenamo are now selling screen-
printable pastes. However, it is difficult to assess from the
literature whether the source of NiO is important compared to
other factors such as the device assembly method, choice of dye
and sensitization conditions etc. we took the opportunity of the
COST Action CM1202 on Supramolecular water splitting to
organise a workshop for the benchmarking of different NiO
electrodes, prepared in different research groups in Europe from

v

E (V)
vs NHE NiO P1

lab-made or commercial sources, in DSCs and DPECs under the
same conditions. This was designed to answer questions such as
whether the control over the purity and crystallinity achieved by
preparing the particles in house is preferential to purchasing
NiO nanoparticles or commercial paste; whether the trends
observed in DSCs can be translated directly to the performance
of water-splitting DPECs.

The experiments were chosen so that the chemical-physical
properties such as crystal size, BET surface area and electro-
chemical properties could be compared to the DSC and DPEC
device performance. The dye P1 (Fig. 2) was chosen because it
has been used in both p-type DSCs and DPECs.">"* The I, /1™
electrolyte for the DSCs was chosen because this redox couple is
known to be optimised for this dye."* The [Co(dmgBF,),(H,0),]
(dmg®~: dimethylglyoximato dianion) hydrogen evolving catalyst
was chosen for the DPEC because it has been extensively char-
acterised elsewhere and because Li et al. demonstrated that it
can be incorporated into a P1-sensitized NiO DPEC to reduce
protons.®'® In the devices, absorption of visible light by P1
leads to electron transfer from NiO to the dye. The potential of

Ecoumn
-0.46 vt
-0.41
7 (PHT)
FlgrO N oN=0u F
F” Yo-N7 SN-07 F
[Co(dmgBF;),(H,0),]

Fig. 2 Energy diagram of NiO-P1-[Co(dmgBF,),(H,0),] electrodes (note: potentials of P1in MeCN from Qin et al.*® and for [Co(dmgBF.),(H,0),] in pH 7

phosphate buffer corrected vs. NHE from Berben et al.2)
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the reduced dye (—0.93 V vs. NHE)"® is sufficient to reduce I~ to
I" or [Co(dmgBF,),(H,0),] both from the Co(u) to the Col(x)
state, the entry point of the catalytic proton reduction cycle, and
further from the Co(m)-H to form the active Co(m)-H species.'”*°

Experimental
Sample preparation

Sample 1a/1b was prepared by following the method according
to Gritzel for TiO,.**

Sample 2 was prepared by grinding 3 g of NiO ground in
planetary mill (500 rpm) for 24 h with EtOH. 10 mL of ethyl
cellulose 10% in EtOH, 20 mL terpineol were added and the EtOH
was removed under vacuum. The paste was deposited onto FTO
glass by screen printing. The electrodes were sintered according to
the following program:

Sample 3 was prepared according to Brédutigam et a
Minor alterations included the deposition by doctor blading
and the 3-fold repetition of this to yield thicker NiO surfaces.

Sample 4 conducting glass substrates were cut to size and
then cleaned in an ultrasonic bath for 15 minutes, first in soapy
water, second in propan-2-ol and finally in acetone. The NiO
precursor solution was prepared by dissolving anhydrous NiCl,
(1 g) and the tri-block co-polymer F108 (poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol)) (1 g) in
ethanol (6 g) and ultrapure Milli-Q water (5 g).>* NiO electrodes
were made by applying the precursor solution onto conducting
glass substrates (Pilkington TEC15, sheet resistance 15 Q sq ')
by doctor blade using Scotch tape as a spacer (0.2 cm? active
area), followed by sintering in a Nabertherm B150 oven at
450 °C for 30 min.

Samples 5a-d were purchased from Dyenamo, where they
are prepared by screen printing (one layer for sample a and b
and two layers for samples ¢ and d). The as-received plates were
sintered in a flat oven (PZ28-3TD, Harry Gestigkeit) monitored
by a controller (Programmer PR5, Detlef Gestigkeit) applying
the following temperature gradients:

- For samples a and c¢: from r.t. to 350 °C in 30 min; 30 min
at 350 °C; gently back to r.t.

- For samples b and d: from r.t. to 450 °C in 30 min; 30 min
at 450 °C; gently back to r.t.

Samples 5e,f were prepared by Solaronix by screen printing
of a NiO paste (Ni-Noxide N/SP). The as-received plates were
sintered in a flat oven (PZ28-3TD, Harry Gestigkeit) monitored
by a controller (Programmer PR5, Detlef Gestigkeit) applying
the following temperature gradients:

- For samples e: from r.t. to 350 °C in 30 min; 30 min at
350 °C; gently back to r.t.

- For samples f: from r.t. to 450 °C in 30 min; 30 min at
450 °C; gently back to r.t.

Samples 6a-c were prepared according to D’Amario et al.**
3 g of anhydrous NiCl, and 3 g of F108 polymer were dissolved
in a mixture of deionized water (9 g) and 99.5% ethanol (18 g).
The resulting green viscous solution was sonicated overnight.
The mixture was centrifuged for 15 min to sediment out
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Table 1 Sintering gradient used for preparation of sample 2

Start End Time at fixed
temperature (°C)  temperature (°C)  Ramp temperature
1 RT 110 30 min 30 min
2 110 250 1h 30 min
3 250 340 15min 5 min
4 340 400 30 min 30 min

undissolved NiCl, and amorphous NiO. After centrifugation,
the supernatant was collected as four separate batches for
use as doctor-blading paste. The Li-doping was carried out by
adding 0, 0.1 and 0.5 mol% of LiCl to the NiCl, sol-gel. The LiCl
was added by water solution using less than 1% of the final batch
volume. Then, the mixture was stirred for 1 day. Mesoporous NiO
electrodes were prepared by spreading the doctor-blading paste
onto FTO glass masked with adhesive tape and sintered in a
furnace at 450 °C for 30 min.

Sample 7 commercial NiO nanoparticles (1.0 g, 20 nm
Inframat Advanced Materials) were mixed with of ethanol
(8.0 mL), acetic acid (0.2 mL), terpinol (3.0 g) and ethyl cellulose
(0.5 g) by ball-milling for 2 h. The obtained paste was screen-
printed on clean FTO glass, followed by sintering at 450 °C in
air for 30 min (Table 2).

Electron microscopy

SEM micrographs for 5e and f were recorded using a FEI
Quanta200 3D DualBeam FIB/SEM. High resolution TEM was
recorded using the JEOL 2100F TEM equipped with a JEOL
digital STEM system and a Gatan Tridiem spectrometer at the
Nottingham Nanoscience and Nanotechnology Centre. The NiO
was removed from the FTO glass and loaded onto a carbon coated
copper TEM grid (Agar Scientific).

Powder X-ray diffraction (PXRD)

PXRD patterns were collected at room temperature in the
10°-80° range on a PANanalytical Multi-purpose Diffractometer
operated at 40 kV and 40 mA (Cu Kol, . = 1.5406 A). Powder
samples were deposited from a slurry in ethanol onto a silicon
zero diffraction plate and NiO films on FTO were prepared as
described above. The data was analysed using PANanalytical
X’Pert Highscore.

Kr gas adsorption isotherms

Adsorption isotherms were carried out by using a Micromeritics
ASAP 2420 (Micromeritics, Norcross, GA, USA) using krypton as
the adsorbate. NiO samples were prepared as described above
onto ca. 0.5 cm x 1 cm FTO glass substrates. Three replicates of
each sample were inserted into glass sample tubes with a sealed
frit. The samples were degassed under vacuum at 25 °C for 3 hours
to remove moisture and other adsorbed gases. Krypton isotherms
were acquired from 0.07-0.25 relative pressure ( p/p,) at —195.85 °C
in liquid nitrogen (N,). The glass samples were then weighed and
reweighed following the removal of the NiO in order to give an
accurate sample weight. The BET model for specific surface area
was fitted to the Kr isotherms using Microactive V3.0 software
(Micrometrics Instrument Corporation).
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Table 2 A summary of the samples used in this study
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Sintering
Sample  Deposition Area (cm”)  Type Ramp Final Thickness (um)
la Screen print 0.25 Aldrich nanoparticles 40 min ramp r.t. to 550 °C 30 min@550 °C 2P
(around 20 nm)
1b 0.25 Aldrich nanoparticles 40 min ramp r.t. to 550 °C 30 min@550 °C 57
(around 20 nm)
2 Screen print 0.36 Inframat nanoparticles  (See Table 1) 1.4%
(around 20 nm)
3 Doctor blade 3 layers  0.36 Copolymer PS-b-P2VP 30 min@450 °C  0.2¢
4 Doctor blade 0.20 F108 30 min ramp r.t. to 450 °C 30 min@450 °C  0.83”
5a Screen print 1 layer 0.46 Dyenamo 30 min ramp r.t. to 350 °C 30 min@350 °C  0.74¢
5b 0.44 30 min ramp r.t. to 450 °C 30 min@450 °C
5¢ Screen print 2 layers 0.37 30 min ramp r.t. to 350 °C 30 min@350 °C ~ 1.75“
5d 0.26 30 min ramp r.t. to 450 °C 30 min@450 °C
5e Screen print 1 layer 0.41 Solaronix 30 min ramp r.t. to 350 °C 30 min@350 °C
5f 0.37 30 min ramp r.t. to 450 °C 30 min@450 °C
6a Doctor blade 0.25 0% Li-doped F108 30 min@450 °C  0.70 + 0.05”
6b 0.1% Li-doped F108
6¢ 0.5% Li-doped F108
7 Screen print 1 layer Inframat nanoparticles 30 min@450 °C

(around 20 nm)

“ Measured from SEM cross sectional images. ” Measured using a Dektak Profilometer.

Electrochemistry

Cyclic voltammetry was carried out using a Palmsens Emstat
potentiostat. A three electrode system was used with the NiO film
working electrode, a Ag/Ag" (Sat. AgCl in 3 M NaCl,q)) reference
electrode and a Pt wire counter electrode immersed in pH 7
buffer solution.

Solar cells

The NiO electrodes were soaked in an acetonitrile solution of
P1 (0.3 mM) for 16 h at room temperature. The dyed NiO
electrode was assembled face-to-face with a platinized counter
electrode (Pilkington TECS, sheet resistance 8 Q sq ') using a
30 um thick thermoplastic frame (Surlyn 1702). Then the
electrolyte, containing Lil (1.0 M) and I, (0.1 M) in acetonitrile,
was introduced through the pre-drilled hole in the counter
electrode, which was sealed afterwards. The UV-visible absorp-
tion spectra of the dyes adsorbed on NiO films were recorded
using an Ocean Optics USB2000 + VIS-NIR fibre-optic spectro-
photometer. Current-voltage measurements were measured
using an Ivium CompactStat potentiostat under AM1.5 simu-
lated sunlight from an Oriel 150 W solar simulator, giving light
with an intensity of 100 mW c¢m 2. Incident photon-to-current
conversion efficiency curves (IPCE) were recorded by passing
the light from the solar simulator through an Oriel Cornerstone
130 1/8m monochromator and recording the current from the
solar cell with an Ivium CompactStat potentiostat which was
calibrated against a Si photodiode.

Small amplitude square wave modulated (SSWM) photo-
voltage and photocurrent experiments were performed on the
same p-DSCs used for the j-V and IPCE measurements at open
circuit and short circuit, respectively. SSWM experiments were
carried out over a range of light intensities, using an Ivium
Modulight as a modulated light source with a 10% modulation
of light intensity. The photovoltage and photocurrent rise and

Phys. Chem. Chem. Phys.

decays were recorded using an Ivium CompactStat potentiostat,
the lifetimes were fitted to a 1st order exponential decay using
Origin Pro 8. Charge extraction was performed using the same
equipment, the cell was illuminated at open-circuit until a
constant Vo was reached, the light source was then switched
off allowing for a decay in photovoltage, over a range of time
intervals. Following this the cell was switched to short-circuit
conditions and the current decay over 10 seconds was inte-
grated to give the charge at varying photovoltages.

Photoelectrochemical measurements

For the electrochemical measurements a custom-built three
compartment cell was used. A Pt wire (0.5 mm) counter electrode
and a Ag/AgCl reference electrode were employed. The working
electrode for each experiment were typically prepared on TEC 15
FTO glass with areas ranging between 0.636-0.25 cm”. The sample
preparation for each electrode was identical: (1) the NiO films
were soaked in a CH;CN dye bath containing P1 (0.3 mM) for a
period of 12 h. (2) The films were rinsed in CH;CN to remove
unadsorbed dye. (3) Finally, the co-catalyst [Co"(dmg-BF,),(OH),]
was introduced by slow drop-casting 100 pL of a 2 mM solution in
CH;CN and the sample was dried in air.

The electrolyte used in all experiments was an aqueous
solution containing 50 mM phosphate at pH 7. All solutions
were degassed by bubbling with Ar for a minimum of 5 minutes
prior to commencing of the experiment and Ar was continually
bubbled through the solution using a Bronkhorst flow-controller
(flow rate = 10 mL min~ ") throughout the measurement. A 200 pL
sample of the Ar flowing out from the cell was analyzed auto-
matically every 3 min using a gas chromatograph (Shimadzu
2014) with a thermal conductivity detector operating at 50 °C.
There was insufficient H, produced in the cell to quantify it
accurately using this method. The visible LED used for photo-
lysis is an OSRAM® OSTAR™ white LED with an output of 1000 Im.
Care was taken to place the LED in an identical position for
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each measurement. A constant potential of —0.4 V vs. Ag/AgCl
was applied during each experiment and the current measured
using an EmStat potentiostat.

Results and discussion
Film morphology

All the NiO samples were based on nanoparticles prepared
either in situ or pre formed and applied as a paste using a
combination of organic surfactants and binders. Full details
are given in the Experimental section and the corresponding
references. In general the particle shape and film morphology
was similar for each sample. SEM for 1 can be found in ref. 34.
SEM images for samples 2 and 5b and d are provided in Fig. 3.
High resolution TEM for 5e-f are shown in Fig. 4. SEM images
for the sol-gel prepared films 3, 4 and 6 have previously been
reported in ref. 12, 20 and 22 respectively and high resolution
TEM images for 4 are provided in Fig. 4.

Powder X-ray diffraction (PXRD)

The undyed NiO films were characterised using powder X-ray
diffraction both for the samples on FTO and for the nano-
particles removed from the glass substrate. A representative
X-ray diffraction pattern for the film on FTO (Fig. 5a) and the
powder removed from the film (Fig. 5b) are given below.

The results of the XRD analysis are summarised in Table 3
for the film and powder respectively. The mean crystallite size
estimated from the major diffractions ranged from 10 to 20 nm.
Generally as the sintering temperature increases the mean
crystallite size also increases, with the smallest being 10 nm
for 5e corresponding to a sintering temperature of 350 °C while
the larger samples of 16 (1a) and 21 nm (4) were sintered at 550
and 450 °C respectively. For the screen printed pastes (7, 5d, 1a)
sintered at 450 °C the mean crystallite sizes were fairly con-
sistent and within the range of 13-16 nm while generally the
NiO films made via a sol-gel process (6, 3) were within the
range of 12-14 nm which is smaller than for the screen printed
pastes. The difference in crystallite size for the two films made
via a sol-gel process using F108 (21 nm for the undoped film, 4,
to 12 nm with 0.5% Li, 6) are attributed to the different solvent
ratio in the precursor solution. The crystallite size in the
Li-doped film 6 is in agreement with previously reported results
by Sumikura et al. (12 nm with F108) and a slightly larger
crystallite size was reported by Li et al. (16 nm).">** Differences of
around 1 nm were observed when comparing the mean crystallite
size of the NiO films on FTO and the nanoparticles removed from
the glass substrate. However, rather than a change in morphology
this has been attributed to improved resolution for the measure-
ment on the silicon zero diffraction plate (Fig. 5b) compared to
the NiO on FTO (Fig. 5a) where there is a significant overlap of
the diffractions from NiO and SnO,.

This is most apparent for the thinner films (see ESIT) where
the NiO diffractions were very low in intensity compared to
those from SnO,. Interestingly the crystallite size for samples 1, 2
and 7 prepared from commercial NiO was less than the advertised
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Fig. 3 SEM micrographs of (a), (b) the cross-section of 2 (50000x
magnification); (c) the surface morphology of 2 (100 000x), (d) the surface
morphology of 2 (200 000 x), (e) the cross section of 5b (100 000 x); (f) the
cross section of 5d (67000x); (g) the surface of 5b (6000x); (h) the
surface of a film made from the Solaronix paste before sintering (6000 x);
(i) the surface of 5e (6000x); (j) the surface of 5f (7000x). HV = 5 kV
(for sample 2), 4 kV (5b, 5d) 10 kV (5e, 5f). WD = 2—-5 mm.

average particle size of 20 nm. Samples 2 and 7, which both
contain Inframant NiO, agreed within 1 nm.

Kr gas adsorption

A summary of the surface areas obtained from Kr adsorption
isotherms is given in Table 3 and examples of adsorption iso-
therms for samples 5c and 5d, as well as 3 and 4, respectively,
are given in Fig. 6. All samples gave BET surfaces areas within
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Fig. 4 High resolution TEM micrographs of (a) 1, (b) 4, (c) 5e and (d) 5f at
50 000x magnification.
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Fig. 5 Representative X-ray diffraction patterns for sample 4: (a) the NiO
film on FTO; (b) the NiO nanoparticles removed from the film. The diffraction
peaks indexed with the (hkl) notation correspond to the main NiO phase.?
* Denotes the peaks corresponding to NiO.

an order of magnitude (7-70 m> g~'). NiO screen printing
pastes Dyenamo (5d), Solaronix (5e), typically had the highest
surface areas (60-70 m> g~ ). There was a significant difference
in the surface areas obtained from the NiO films with commer-
cial NiO nanoparticles, 1b (Sigma Aldrich) and 7 (Inframat).

Phys. Chem. Chem. Phys.
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Table 3 Summary of the textural characterisation for NiO samples 1-7

Sample  BET surface area® (m?>g~')  Mean crystallite size”* (nm)
1 21.46 £+ 0.07 16.1

2 — (14.0)

3 7.71 £ 0.45 13

4 40.56 + 0.19 20.6 (19.7)
5a 41.79 + 0.71 (17)

5¢ 39.36 £ 0.77 —

5d 70.92 £+ 0.58 15.4

5e 63.15 + 0.46 9.9

6a 24.46 £+ 0.70 —

6b 31.28 £ 0.44 —

6¢c 22.17 £ 0.54 11.5

7 60.48 + 0.17 13.7 (14.8)

“ BET specific surface areas obtained from Krypton adsorption iso-
therms. ? Average mean crystallite size for NiO films on FTO, calculated
using the Scherrer equation. ¢ In parentheses, average mean crystallite
size for NiO nanoparticles.
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Fig. 6 Kr gas adsorption for NiO films made from NiO films made from
sol-gel methods with different block copolymers, 4 (blue) and 3 (brown)
and Dyenamo NiO paste and sintered at 350 °C (5¢, black) and 450 °C (5d,
purple).

The highest surface area was obtained with 5d which was
prepared from the Dyenamo NiO paste and sintered at 450 °C
(71 m*> g7 "). As shown in Fig. 6, this was significantly higher
than the surface area obtained for 5c¢ sintered at 350 °C
(39 m* g ") and it demonstrates the importance of temperature
on the formation of NiO films. Here we attribute the lower surface
area for the film sintered at lower temperature to incomplete
combustion of the organic binders. However, sample 5e made
from the Solaronix screen printing paste and sintered 350 °C
had a comparatively high surface area (63 m> g '). Unfortu-
nately it was not possible to acquire gas adsorption for this
paste sintered at 450 °C. In sol-gel NiO films, higher tem-
perature are required to ensure the all the polymer template
has been removed.>® A study by Bach et al. demonstrated that
sintering at higher temperatures (550 °C) improves the crystal-
linity but can lead to a large drop in the surface area
(122 m? g~ for unsintered NiO, 56 m* g~ ' for 10 minutes at
550 °C and 12 m* g~ * for 200 minutes at 550 °C).>® This may
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explain the difference between samples 1b and 7 made from
commercial nanoparticles.

Also shown in Fig. 6 is the Kr adsorption for samples 3 and 4
which were prepared by sol-gel routes. The surface areas for the
samples prepared from sol-gel methods were generally lower
than those obtained from pre-formed NiO nanoparticles. The
BET surface area of 4 was in agreement with the N, BET for NiO
prepared by the same method reported by Sumikura et al.>®
However, the sample 6a, which was prepared from the same
method had a significantly lower surface area (24 m> g~ '). The
sol-gel samples prepared using a polystyrene-block-poly(2-vinyl-
pyridine) diblock copolymer template (3) gave the lowest surface
area (7.7 m*> g ). This value was significantly lower than the
values for this sample using N, as the adsorbate as reported
previously by Briutigam et al. (ca. 50 m”> g~ *).** Yet, we note that
the preparation method for these samples has been slightly
altered from the literature (¢f. experimental part).

Cyclic voltammetry

Cyclic voltammetry (CV) was performed in a 50 mM phosphate
buffer electrolyte at pH 7 with a scan rate of 20 mV s '. Two
characteristic broad but distinct peaks can be observed in the anodic
and cathodic scans for all the NiO electrodes including the Li-doped
NiO sample 6b. The peak current density and peak area in the
voltammograms of the six NiO films shown in Fig. 7 differed greatly.
The peak current density for both processes (and area under
the peaks) was highest for the screen-printed NiO films 5d and 7
(150-200 pA cm™?), while 1b and 3 exhibited very low redox peaks
(less than 50 pA cm™2). As a higher specific surface area leads to
more active sites exposed to the electrolyte where electron transfer
can take place, the magnitude of the peak area should be related to
the specific surface area of the film. The results from the cyclic
voltammetry were in agreement with the BET surface area (vide
supra), for example, 5a and 7 have the highest BET surface, while the
surface area of 1b and 3 were much lower. The matching trend in
increasing peak area with increasing surface area is consistent with
redox chemistry occurring at the surface of the electrodes.””
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Fig. 7 Cyclic voltammograms of the different NiO preparations, recorded
in phosphate buffer (0.05 M pH 7) at a scan rate of 20 mV s™%.
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The two peaks have previously been attributed to Ni**/Ni**
(peak A) and Ni**/Ni** (peak B), respectively."' However, if all
the Ni atoms were first oxidized to Ni**, and then to Ni**, peak A
and peak B should have a similar area.”” In Fig. 7, the area of
peak B seems to be consistently larger than the area of peak A.
It could suggest that remaining Ni*" might be directly oxidized
to Ni*" in peak B. Yet, we note the comparison of peak area for A
and B is challenging due to the capacitive underlying currents.
The overall attribution of the electrochemical processes is thus
more complicated and probably does not involve the complete
oxidation of all surface sites of NiO. This discussion falls out of
the scope of the current manuscript but an analysis is available
in ref. 11 and 28.

Dye-sensitized solar cells

IPCE, and APCE measurements. The NiO electrodes were
sensitized with the P1 dye, first reported by Qin et al. which
produces one of the highest reported IPCE in NiO dye-sensitized
solar cells.">*° The UV-visible absorption spectra of the sensitized
films in addition to the IPCE and Absorbed Photon-to-Current
Efficiency (APCE) p-type DSCs assembled with 5d are summar-
ized in Fig. S2 (ESI{) as an example. The data for all films are
provided in Fig. 8 and Table 4.

There was a large difference in the optical density of the
non-dyed NiO samples, which ranged between 0.16 (6a, 1a) to
2.9 (7) at 500 nm. The films with the highest optical density
were opaque and appear almost black. The optical density of all
films increased upon sensitization with P1. This additional
increase in optical density was most pronounced at 500 nm, i.e.
at the maximum of the dye absorption.

Difference absorption spectra of the dye on the NiO surface
were obtained via subtraction of the absorption spectra of the
non-dyed NiO films from the spectra of the dye-sensitized NiO.
We attribute the brown color of the films to the presence of Ni**

704
I IPCE
60 I APCE (electrode)
I APCE (dye)
§ 50 -
w
5) 404
&
) 304
(&)
2 2

10

1b 2 3 4 5a 5b 5¢ 5d 5e 5f 6a 6b 6¢c 7
Sample

Fig. 8 Summary of all IPCE measurements and the derived APCE at
500 nm. The filled (first) bar indicates the IPCE value, the red bar (second)
indicates the APCE calculated from the absorption spectrum of the com-
plete electrode, and the blue (third) shows the APCE calculated from the
difference dye spectrum of the surface.
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Table 4 Summary of the IPCE values, APCE values relative to the
absorption of the dye-sensitized NiO electrode, and APCE values relative
to the difference absorption of the dye on the NiO films at 500 nm

APCE, APCE, Absorbance
Sample  IPCE (%) electrode (%) dye (%) at 500 nm (a.u.)
1b 25 25 27 3.17
2 37 37 40 2.33
3 13 19 70 0.51
4 47 51 51 1.12
5a 31 31 32 1.78
5b 29 32 35 1.05
5¢ 37 37 37 3.33
5d 40 41 42 1.98
5e 33 33 41 2.89
5f 26 26 32 3.23
6a 20 21 30 1.23
6b 32 34 34 1.64
6¢ 21 22 23 1.37
7 29 29 — 1.94

rather than Ni° since no Ni® was observed in the XRD patterns.?>*”

APCE spectra were calculated with respect to the absorption
spectra of the dye-sensitized NiO surfaces and the difference
absorption spectra. These two quantities should allow for the
differentiation of photons absorbed by the electrode and
photons absorbed only by the dye on the surface. The APCE is
related to the dye on the NiO surface and reduces the wavelength
dependency of the efficiency. However, for the samples in which
the NiO itself absorbed strongly, the APCE values were dispro-
portionately high (Table 4). This was particularly evident for
sample 7 which had the highest absorption of all the NiO films
tested making the calculation of an APCE from the dye on the
surface inaccurate. Likewise sample 3 had the highest APCE
using this method but the lowest IPCE because it had the
smallest absorption from the dye. Some of the color from the
NiO is bleached on dye adsorption which can introduce an error.
Also some samples scatter light more than others. We obtained
the most consistent results by calculating the APCE from the
total absorbance of the film, without subtracting the spectrum
for the non-sensitized NiO.

The results of the IPCE and APCE measurements are provided
in Fig. 8 and Table 4. The lowest IPCE values were obtained for
the polystyrene-block-poly-(2-vinylpyridine)-templated NiO films,
3, while highest IPCEs were attained using the F108 templated
NiO, 4. The IPCEs for the PS-b-P2VP templated NiO films (3) were
low due to the relatively small NiO thickness of about 200 nm
compared to about 1.2 um for 4. This translates into a lower
absorbance of the film (0.5 for 3 compared to 1.12 for 4) which
limits the light harvesting efficiency (LHE)§ to 69% for 3
compared to 92% for 4. Sample 3 also had the lowest specific
surface area which would lead to lower dye-loading compared to
the other samples.

In general, the highest IPCE was observed for samples 7,
5c-e, 2 and 4, which were prepared by screen printing a paste
containing pre-formed NiO nanoparticles except for 4 which
was prepared using the sol-gel method. These samples had the

§ LHE = 1-10 “ where A = absorbance.
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highest specific surface area measured using BET and the
highest current density in the cyclic voltammetry experiment.
The NiO crystallite sizes ranged between 14-20 nm and samples 7,
5e and 2 were prepared from commercial NiO with an average
particle size of 20 nm. Therefore it appears that 20 nm is the
preferred size of the NiO nanoparticles in the case of our cohort
of samples. However, since we did not have a sample with a
higher crystallite size, we do not know if this is optimum.
Smaller particles may lead to more dense packing in the film,
lowering the amount of surface exposed to the electrolyte or dye
solution. It is anticipated that on increasing the crystallite size
the surface area should decrease. This in turn would result in
lower dye loading, a lower light harvesting efficiency and a
lower photocurrent. It is interesting to note that 20 nm anatase
particles are used in state-of-the-art TiO,-based dye-sensitized
solar cells with iodine electrolyte.>**° 1b, 5f and 5b which were
also prepared by screen printing a paste containing pre-formed
NiO nanoparticles gave a lower IPCE than similar screen-
printed materials, which was consistent with the lower specific
surface area. This was possibly because the sintering tempera-
ture was higher (550 °C for 1, 450 °C for 5f compared with
350 °C for 5e). In general the lower sintering temperature gave
better results for one-layer films.

Current-voltage measurements. The current-voltage measure-
ments for p-type DSCs assembled with each electrode are given in
Fig. 9(a) and are summarized in Table 5.

Most devices exhibited a Vo between 95 and 115 mV which
is typical for p-type DSCs with I3 /I" electrolyte. In general,
devices obtained with pre made NiO nanoparticles have a higher
Voc, Which is consistent with results in the literature and agrees
with the trend in the charge lifetime studies (vide infra)."" For
example, sample 7 shows the highest measured open-circuit
voltage (143 mV) in the series. Lithium doping also had a clear
effect on the device photovoltaic performance. The 0.5% lithium
doped NiO had a V¢ of 129 mV (6¢) compared to 110 mV for the
undoped sample (6a), this difference stems from the modifica-
tion of the flat-band potential of the NiO following Li-doping.>”
For samples 5a-d increasing the sintering temperature from
350 °C to 450 °C resulted in a lower Vo whereas there was
little difference in Voc with sintering temperature between
samples 5e,f.

In general the trends in short-circuit photocurrent density
(Jsc) followed the same trend at the IPCE. Lithium loading had
a large effect on the photocurrent density. The current density
rose from 1.67 mA cm™? without lithium (6a) to 2.56 mA cm >
(6b) with 0.1% lithium which is consistent with an increase in
LHE from 94% for 6a to 98% for 6b. For commercially available
Solaronix NiO paste (5e and f), the effect of sintering temperature
on short circuit current density was clearly demonstrated: lower
sintering temperature gives higher current density: 1.57 mA cm™>
for the sample annealed at 350 °C and 1.15 mA cm > with
annealing at 450 °C. This is also true for the Dyenamo samples
(5¢ and d), though to a lesser extent, despite the lower specific
surface area of the film 5c. It has been widely reported that
the crystallite size of NiO nanoparticles increases when the
sintering temperature is increased, subsequently leading to
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Fig. 9 Plot of current density vs. voltage curves (a) under AML.5 illumination and (b) in the dark for the NiO DSCs.

Table 5 Photoelectrochemical characteristics of the p-DSCs with P1
sensitizers employing the iodide/triiodide electrolyte recorded under
AML5 G simulated sunlight (100 mW cm™2)

Sample Voc (mV) Jsc (mA ecm ™ ?) FF (%) PCE (%)
la 115 1.00 35 0.040
1b 114 0.79 28 0.025
2 110 2.31 30 0.075
3 115 0.31 26 0.009
4 96 4.83 31 0.145
5a 100 1.65 33 0.053
5b 80 1.85 29 0.042
5¢ 104 2.49 30 0.078
5d 98 2.40 29 0.069
5e 93 1.57 32 0.047
5f 97 1.15 32 0.035
6a 110 1.67 34 0.062
6b 88 2.56 31 0.070
6¢c 129 1.16 35 0.053
7 143 1.93 32 0.089

pore collapsing and a decrease in the amount of adsorbed dye
and LHE.""*"?? Our BET measurements were inconsistent with
this; 5¢ had a specific surface area of 39 m”> g~ ' compared to
71 m> ¢~ for 5d, which suggests that 30 minutes at 350 °C is
insufficient to remove all the organic material in the com-
mercial paste. Yet, surprisingly, 5c¢ generated a better jsc. The
thickness of the films has an equally crucial effect. Following
the same sintering conditions, the dye loading was greater for
thicker NiO films (e.g. 5b and 5d), which is consistent with
results in the literature.'?

PS-b-P2VP templated sol-gel NiO films 3 suffer from very low
thicknesses (around 200 nm). In this case, the dye loading and
therefore the absorbance of photo-electrode was too low to
afford a high photocurrent density. However, thicker films do
not necessarily result in an improvement in Jsc. A 5 pm thick
film (1b) produced a lower Js¢ (Jsc = 0.79 mA cm ™ ?) but similar
Voc to a 2 pum thick film (1a, Jsc = 1.00 mA ecm ™ 2). Since the
specific surface area was low it is possible that dye was not
adsorbed throughout the electrode or light absorption by the
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NiO competes with absorption from the dye.*® Fig. 9(b) shows
the dark current curves for 1-7. Samples 1 and 3 (the thickest
and thinnest samples) displayed the lowest dark currents. The
low dark current density for 1b and 3 in the presence of the
(I3 /") redox electrolyte (Fig. 9(b)) is consistent with the low
current density of 1b and 3 in the presence of the aqueous
electrolyte (Fig. 7), which suggests that the conductivity of the
material is low. These observations could result from slow
charge-recombination at the NiO/electrolyte interface or slow
charge diffusion though the NiO, possibly as a consequence of
poor connectivity in the mesoporous structure, and also may
explain the low Jsc and IPCE. The optimum film thickness
appears to be in the range of 1-2 um which maximizes the LHE
and charge-diffusion through the NiO films. The highest Js¢
(4.83 mA ¢cm~?) was obtained with sample 4 which generated
the highest photoconversion efficiency (PCE) of 0.145%. This
sample appears to have the optimal surface area and thickness
(1.2 pm). These results were consistent with a 4 having the best
charge collection efficiency. This was deduced from the charge-
lifetimes and transport times which were determined using
small amplitude modulated photovoltage and photocurrent decay
techniques.

Charge lifetime and charge extraction studies

Charge lifetimes (13,) and extracted charge densities were measured
by small square modulated photovoltage and charge extraction
measurements. 7y, vs. open-circuit photovoltage (Voc) and open-
circuit extracted charge density (Qoc) are given in Fig. 10. Qoc
as a function of Vq is displayed in Fig. 11. When 7, was plotted
as a function of Vg, sample 3 has a similar value as e.g. sample
1 and 2, but when plotted against Qoc, i, for 3 is shifted relative
to the other samples. This is possibly a consequence of the very
thin films. With the exception of 3, 7;, appears to be longer for
the samples made from preformed NiO compared to those
prepared from sol-gel methods. This fits with the higher Voc
obtained by these devices as discussed earlier. Fig. S3 in the
ESIf compares the effect sintering temperature has on 1y, for

Phys. Chem. Chem. Phys.



Published on 22 December 2015. Downloaded by CEA Grenoble on 08/01/2016 14:30:22.

View Article Online

Paper PCCP

(a) (b)

0.5 0.5

n-2

0.25 v 0251 3 v
E Vg Som z T L]
g b, o v 5d o7
£ . i, Moo £ o : [ ]
k=] 0.1 AAL - 0.1 e - 6b y vV v 1
£ 0.075 v 1a L A 2 0.075 . °y =
- .2 X, Yy e - ° X -y 5
9 0.05; - W Ny WELY 9 0.05; o Y R 1_
_§ Sl .3<.-,v -O"Do © % % []

& b = %) X
© 0.025 { v 5d o o © 0.025 1 o X
e 6b XXX %
0'01 ) ] ) 1 1 T 1 1 | ] ] 1 1 0'01 v v v T T T T 1
0 10 20 30 40 50 60 70 80 90 100 110 120 10 25 50 75 250 500 750

Photovoltage (mV)

Fig. 10 Plots of charge lifetime vs. (a) photovoltage and (b) charge density.

ml
400 | L) g -y
o O
200 % 4 ol i
E | v 5d S
o 807 @ 6b
2 60 ]
> 40 4 5 0070
2 20 e o
8 .,
o 8]
2 o] -
g 4
o
2]
1 . : . T
1 5 10 50 100

Photovoltage (mV)
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the Dyenamo (5c,d) and Solaronix (5e,f) samples. At both
sintering temperatures 1, was longer for samples prepared
from the Dyenamo NiO paste. In both cases 1}, decreased with
increased sintering temperature, which is consistent with the
decrease in Voc. Also in both cases there seems to be a drop in
Qoc as a function of Vo with increased sintering temperature.
This implies a shift in the valence band edge which explains
the higher V¢ obtained by sample 5f compared to sample 5e
despite the notably shorter 7;,. Of the samples prepared from
preformed NiO, 1b had the shortest 7;,. 1b was sintered at
550 °C, notably higher than any other samples in this study.
This is somewhat unexpected as higher sintering temperatures
have been used to obtain highly crystalline NiO or to post-treat
samples, and has previously led to improved Voc.*"?

1, and Qo for the Li doped samples 6a-c as well as sample 4
are given in Fig. S4 (ESIt). The level of Li doping appears to
have a notable effect on both 11, and the potential of the valence
band edge resulting in a significant improvement of 19 mV
passing from undoped 6a to 0.5% doped 6c. Interestingly

Phys. Chem. Chem. Phys.

Charge Density (uC cm?)

sample 4 which was prepared using the same F108 block
copolymer as 6a had different 7, and Qo at similar values of Voc
whereas the p-DSC containing 4 had a lower overall V¢ at 1 sun
compared to 6a. As discussed above, we attribute the different
properties to the different solvent ratio in the sol-gel precursor.

Photoelectrochemical experiments

The NiO samples were used as photocathodes in water-splitting
DSPEC cells as described in the study by Li et al. and the photo-
electrocatalytic proton reduction properties were compared.’
As for the DSCs, the sintered NiO electrodes were first sensitized
with the organic dye P1 (Fig. 2). After rinsing the electrodes to
remove unabsorbed dye, the [Co(dmgBF,),(H,0),] Hy-evolving
catalyst solution was drop-cast onto the surface of these electro-
des to give a total loading of ca. 200 nmol cm™ .4 The catalyst-P1
co-sensitized electrodes were then allowed to dry in air before
they were assembled in the cell and immersed in aqueous pH 7
phosphate buffer. The photocurrent was recorded at an applied
potential of —0.4 V vs. Ag/AgCl (i.e. —0.19 V vs. NHE, +0.22 vs.
RHE) under chopped white LED illumination. The results are
shown in Fig. 12. The stabilized photocurrents in the range
of 5-25 HA cm™” indicate electron-transfer from the photo-
sensitized electrodes to the bound catalyst. All electrodes dis-
play an initially high transient current, rapidly decreasing to
steady values. This phenomenon is particularly true for the first
two irradiation periods (2 x 5 min), and tends to disappear
for the last ones. This transient current may be attributed to
capacitive charging of the NiO substrates or to the reduction of
residual oxygen in the media. It was not observed during the
whole measurement time and no anodic transient current,
accounting for a back-electron-transfer, was observed when
the light was switched off.

The photocurrent generated by each sample was similar in
magnitude (ca. 10 pA cm ?). The three NiO samples which
produced the highest performances were 4, 5d and 7, within the

9 Accounting for the area of the substrate not the specific surface area of the
sample.
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Fig. 12 Summary of water-splitting data. The maximum photocurrent
reported by Li et al. = 5.5 pA cm™2.

Table 6 Summary of water-splitting data

Total charge Theoretical H,"

Sample Area (cm?) LED on“ (mC) (nmol)
1b 0.25 1.97 10.2
2 0.30 3.35 17.4
3 0.36 6.56 34.0
4 0.36 9.57 49.6
5d 0.36 9.42 48.8
6b 0.36 6.7 34.7
7 0.36 9.71 50.3

Li et al.*® 1.0 93 nmol after 30 min

¢ After 800 seconds.

accuracy of the measurements. These electrodes had the highest
specific surface area according to the BET experiments and cyclic
voltammetry (vide supra). 4 (purple line) generated a photocurrent
starting from 25 pA cm > and slowly decreasing to 12 pA cm >
after 20 minutes. The total charge under irradiation corresponds
to a theoretical amount of 49.6 nmol of H, after 800 seconds.
A similar behavior was observed on electrode 5d, which generated
the highest initial photocurrent but this decayed more steeply
than the other samples to values below 10 pA cm 2 Sample 7
generated the steadiest current under irradiation, stabilizing at
around 20 pA cm 2. This corresponded to the highest theoretical
amount of evolved hydrogen (50.3 nmol). It was noted that the
expected H, production performances of these three samples
were within a very close range and exceeded that reported by
Li et al. after correction for surface area (Table 6)."

Conclusions

From these studies it appears that a crystallite size of at least
20 nm, a film thickness of 1-2 pm and a specific surface area
above 40 m> g~ is most appropriate for photoelectrochemical
devices using NiO. For thinner films, a lower sintering tem-
perature (350 °C) gave better results than a higher sintering
temperature (450 °C and 500 °C). Both commercial and non-
commercial NiO gave promising solar cell and water-splitting
devices. There was a generally higher specific surface area for
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preformed NiO nanoparticles compared to NiO formed in situ
which was consistent with the trends in current density and
charge in the cyclic voltammetry experiments. All the NiO films
from different preparation methods showed typical electro-
chemical behaviour in redox electrolyte and phosphate buffer,
but the differences in charge transferred varied consistently in
agreement with the specific surface area of the electrode. This
is a consequence of the surface confinement of the oxidation
process in NiO thin film electrodes.

Samples 4 and 7 which had the two highest PCEs (0.145%
and 0.089%) in the p-DSCs also gave the best overall theoretical
H, conversion. However, the current voltage data for these two
samples differed; sample 4 generated the highest photocurrent;
sample 7 generated a relatively poor current but the Vo for the
DSC was the highest in this study. It appears that taking
measures to improve both the current generated (surface area,
hole mobility) and voltage across the device (surface passivation,
tuned valence band energy) in a p-DSC are both key-approaches
to improve dye sensitized photocathodes for hydrogen photo-
electrochemical production.
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Abstract

Solar fuels generated from the light-induced splitting of water into H, and O, is an appealing
strategy for securing future energy. The use of platinum for catalyzing hydrogen evolution may be
bypassed with earth-abundant catalysts. In a previous study, our lab realized the immobilization of a
proton reduction catalyst, the cobalt diimine-dioxime molecular complex, within a cathode material
steadily evolving H, from fully aqueous media. In this work, we report on the implementation of this
catalyst into light-driven devices. Operating conditions in the solvent of interest, water, were
screened. The molecular catalyst degrades when free in solution, but retains activity when supported
on an electrode, even in the presence of O,, and could thus be integrated into a tandem cell. Further
on, new derivatives of the catalyst were developed for the attachment onto transparent conducting
oxides. Co-grafted photocathodes were constructed by anchoring a functionalized catalyst along with
photosensitizers onto p-type NiO. These architectures were checked by a whole set of analytical
techniques and light-driven catalytic hydrogen evolution was achieved by photocathodes assessed
under device-related photoelectrochemical conditions. Immobilizable dye-catalyst dyads were also
successfully synthetized as alternative derivatives and open up new possibilities to develop

molecular photocathodes.

Résume

Générer des carburants solaires, comme 1’hydrogéne via la photoélectrolyse de 1’eau, est une
stratégie a explorer pour notre futur énergétique. Pour éviter I’emploi du platine en tant que
catalyseur de production d’hydrogene, des métaux abondants peuvent étre utilisés. Au laboratoire, le
complexe diimine-dioxime de cobalt, catalyseur moléculaire de réduction des protons, a pu étre
immobilisé pour créer une cathode produisant de maniére stable de I’hydrogéne en milieu aqueux.
Dans ces travaux, nous avons ¢étudié [D’introduction du catalyseur dans des dispositifs
photoélectrocatalytiques. Différentes conditions opératoires dans I’eau, solvant de choix, ont été
examinées. Le complexe se dégrade s’il est en solution mais son activité est maintenue, méme en
présence d’oxygene, s’il est supporté sur électrode. Cette ¢électrode a ainsi pu étre intégrée en cellule
tandem. De nouveaux dérivés du complexe ont aussi ét€¢ développés pour 1’attachement sur oxydes
transparents conducteurs. Un dérivé a été co-immobilisé avec des photosensibilisateurs sur une
surface de NiO, oxyde de type p. Les photocathodes co-greffées obtenues ont été caractérisées par un
ensemble de techniques analytiques et ont démontré la production d’hydrogéne en conditions
photoélectrocatalytiques. Des entités colorant-catalyseur pouvant s’ancrer sur surface ont également

été synthétisées et ouvrent de nouvelles voies pour élaborer des photocathodes moléculaires.



