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Abbreviation list

Abs Absorbance

BET Brunauer-Emmett-Teller

CcB Conduction Band

Ccv Cyclic Voltammogram

CVA Cyclic VoltAsorptogram

DCVA Derivative Cyclic VoltAsorptogram
DOS Density Of States

DSSC (or DSC) | Dye-(S)ensitized Solar Cell

EDL Electrical Double Layer

EDLC Electrical Double Layer Capacitance
ESIA Evaporation Induced Self Assembly
Eq. Equation

EQCM Electrochemical Quartz Crystal Microbalance
GLAD GLancing Angle Deposition

IR InfraRed

ITO Indium Tin Oxide

Mn-ph Manganese porphyrin

NIR Near InfraRed

SEM Scanning Electron Microscope

uv Ultra-Violet

VB Valence Band

Vis Visible

XPS X-Ray Photoelectron Spectroscopy




Notation list

A Absorbance

AA Absorbance change

C Concentration

ce Initial concentration

Cs Buffer concentration

Ce Free electron concentration at the interface of semiconductive film/ITO

Ce” Maximal electron concentration that can be injected in the conduction band of the
semiconductive film

CE Coulombic Efficiency (%)

Cr Intrinsic capacitance of the film (series capacitance of Cr;o, and Cy)

Cito Capacitance at the ITO/electrolyte interface

Cn (or Cq) Double layer capacitance at the electrode/electrolyte interface

Cr Total capacitance

Crioz (0r Cehem) Chemical capacitance of the TiO; electrode

D Diffusion coefficient

Dan (0r DaH,out OF DH,out)

Diffusion coefficient of proton (donor) in aqueous solution

Dni,in Diffusion coefficient of proton within the TiO; lattice
De Diffusion coefficient of electron within the TiO: lattice
d Nanorod diameter of GLAD-TiO> film

d GLAD-film thickness

E Potential

E< Standard potential

E°’ Apparent standard potential

E<s Conduction band potential edge value at pH 0

Er Fermi level (Fermi energy)

Ecathodic cut-off

Cathodic cut-off potential in galvanostatic experiments

Ecs Conduction band potential

Eve Valence band potential

F Faraday constant (96485 C mol™)

Ks Electron transfer rate constant

| GLAD-film thickness, penetration length
rR resonance Raman spectroscopy

i(orl) Current

Current arise from capacitive component

Current arise from faradaic component

ic (or ifpOr &p)

Cathodic peak current (Cathodic peak of electron flux density)




(] Electron flux density
j(ord) Current density
n Number of electron transferred
Nech Density of free electrons in the TiO;
Nc Density of extended states in the conduction band
Nr Total trap density in the band gap
Ntrap Density of electrons in the band gap
ks Boltzmann constant
Porosity
Gas constant (8.314 J K* mol?)
S Geometric surface area
SA Surface Area enhancement
Se Real surface area (specific electroactive surface area)
Q Charge density (C €m™?)
Q Charge storage capacity (C g* or mA h g1)
T Temperature
t Time
X Mole fraction
a Electron transfer coefficient
0 Nanorod surface density
e Molar extinction coefficient
Ae Difference of molar extinction coefficient between two different species
I ma Maximal surface concentration
r Surface concentration
e Initial surface concentration
7 Deposition angle for GLAD method
A Wavelength
q The elementary charge
v Scan rate
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1. TiO2-based nanostructured mesoporous materials

Due to the constant use of limited resources such as fossil fuels or natural gases and the
related emission of greenhouse gases, a number of environmental concerns have been
generated in modern societies which requires the development of a sustainable energy
production provided by renewable sources. Considerable efforts have been made to produce
energy from renewable sources such as solar energy (by using photovoltaic devices) or wind
(by turbine) during last few decades, primarily for the electricity.’> Because of the
discontinuity of access to the nature resources, the development of electrical energy storage
(i.e., batteries and electrochemical supercapacitors) or conversion (i.e., solar cells) systems has
become a major research topic. These technologies are required to satisfy not only the prime
characteristics such as high power and high energy or high conversion efficiency, long
operating life, and low manufacturing process cost but also the aspect of serious safety concerns
over the reliable operating conditions in future electricity supply or conversion systems.
Therefore, in order to improve their performances, it is necessary to deeply understand the
electrochemical reactivity of materials possibly employed in such energy devices, especially

under the eco-friendly operating conditions required to develop sustainable devices.

TiO2-based mesoporous materials are one of the favorable energy device materials due
to their unique electrical, optical and chemical characteristics and have therefore been the
subjects of enormous interest since few decades.® TiO, has the great advantages of low-cost,
earth-abundance, safety (i.e., low toxicity), excellent chemical/photochemical stability. It
allows moreover for easy preparation of high active surface area mesoporous thin films.* TiO;
is intrinsically a n-type semiconductor, with a band gap around 3 eV, thus making pure TiO>
active under UV light absorption and transparent in the visible range. One of the earliest use of
single crystal rutile TiO, was indeed for the photoelectrochemical decomposition of water.®
This application relies on a photocatalytic process initiated by UV-light absorption by TiO>
leading to the formation of electron-hole pairs which can then diffuse through the crystal. Water
is then oxidized to dioxygen by the holes photo-generated at the TiO. material whereas
dihydrogen is produced by reduction of protons at the counter electrode. This reactivity was
further exploited for pollutant remediation® or self-cleaning surfaces’ that both employs photo-

decomposition of organic molecules by TiO,.8*

The unique (photo)electrochemical features of TiO>-based porous materials have also

made this material of great interest in the energy field. This concerns both the field of energy
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production with by photovoltaic cells® such as dye-sensitized solar cells (DSSCs)**? for
production of electricity or photo(electro)catalytic cells for fuel generation,***° and the field of
energy storage with ion-insertion batteries,®'’ supercapacitors,'® and electrochromic smart

windows.*®

-Pollutant remediation
-Self-cleaning surfaces
-(3as sensors

Other applications

@t

Titanium Dioxide (TiO,)

Energy production Energy storage
-Photo(electro)catalytic process ‘Electrochromic smart windows
-Dye-sensitized solar cells ‘Rechargeable batteries
-Photovoltaic cells -Supercapacitors

Scheme 1. Fields of application of TiO, nanomaterials that are directly or indirectly related to their

(photo)electrochemical properties.?°

Currently, a large part of these technologies requires operating in organic aprotic
solvents (e.g., DSSC or lithium-ion batteries) which leads to environmental and safety issues.
As a result of these considerations, in accordance with the trend for eco-friendly, sustainable,
and safe technologies, growing efforts have been recently oriented towards the design of
aqueous-based DSSCs or ion-insertion batteries, i.e. operating in safe aqueous electrolytes and
ideally under non-corrosive conditions.?">* These developments require a deep understanding
of the reactivity of mesoporous TiO> films concerning charge generation, charge transport and
charge storage (or accumulation) in aqueous media and our goal is to get better insights into
this complex reactivity by developing new quantitative (spectro)electroanalytical

methodologies.
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2. Description of the electrochemical features of mesoporous semiconductive TiOz films

2.1. Electronic structure of TiO2

The conductivity of a material depends on its electronic band structure and band filling
that is temperature-dependent. Conductive materials, such as metals, are indeed characterized
by the incomplete filling of the conduction band (CB), leading to the many partially filled and
delocalized states near the Fermi level (corresponding to an occupation probability of %2) and
easy transportation of electrons within the structure. On the opposite, semiconductors and
insulators are characterized by an electronic bandgap between a fully-occupied valence band
(VB) and an empty conduction band (at T = 0 K), with the Fermi level (E) setting in between.
As the temperature is increased, their electronic conductivity is increased due to thermal
excitation of electrons to conduction band states, leaving holes in the valence band. This
increase of conductivity is directly related to the free electron concentration in the conduction
band n., (and symmetrical holes in the valence band) which is determined by the energy
difference between the lower edge of the conduction band (E.g) and the Fermi level (Er)
according to the Fermi-Dirac statistics. If this energy difference is much larger than the thermal
energy (Ecg — Er >> kgT), the density of free electrons is given by Eq. 1 assuming a Boltzmann

distribution?®:

Er — ECB)

kT (1)

Nnep = Ne exp(

where N, is the density of extended states in the conduction band (~ 10*” cm for undoped
anatase TiO2)%, kg the Boltzmann constant, Ecz the energy level of the lower edge of

conduction band of TiO2 (in eV), and T the temperature (in K).

However, the electronic structure of TiOz is not so simple and a high density of
localized electronic states (DOS) is located in the bandgap below the conduction band edge.
They are attributed notably to oxygen vacancies and interstitial Ti defects, and responsible for
n-doping of the material. Based on the seminal work by Nelson for diffusive electron transport,
this extra DOS is assumed to follow an exponential distribution in the bandgap, this assumption
allowing to properly model the non-ideal electron transport properties of TiO,.2” Accordingly,
the electronic description of TiO2 includes an exponential distribution of electronic states in

the bandgap, located below the conduction band edge and resulting into a shift of the Fermi
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level (see Scheme 2). The density of electrons in the bandgap is thus given by the following
Eq. 2:

Ep — Ecp ) )

Nirap = Nrexp (a T
B

where Ny is the total trap density in the bandgap (~ 4 10*° cm™ in TiO2)%, and o a parameter

reflecting the average energy of the trap states distribution below the conduction band.?’

N extended

cB Conductive region
ECB
T ] - Transition region
3.2eV 5 F
for TiO, - -
(anatase) - Insulating region

VB

E(V)

Scheme 2. Schematic representation of the electronic structure of n-type semiconductive TiO; representing the
conduction band as well as the localized DOS in the band gap (in blue). Depending on the applied potential (i.e.,

Fermi level), TiO, behaves as insulating, transition from insulating to conducting, metal-like fully conducting.

2.2. Effect of bias

As the Fermi level corresponds to the chemical potential of electron within the material,
it can be tuned upon applying an external potential (or bias) at TiO2 electrodes (i.e., TiO2 films
deposited onto a conductive substrate) soaked in an electrolyte solution. Under bias, the energy
of the Fermi level (in eV) is given by Eq. 3:

Ep = —qE 3)
where E is the applied potential (in V) and g the elementary charge.

As nanostructured films are highly porous and highly permeable to the electrolyte, the
electric field generated within the film by the bias is screened by the electrolyte ions. As a
consequence, electron transport occurs by diffusion throughout the TiO> lattice allowing to
reach thermodynamic equilibrium. This diffusion process is assumed to occur through the
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extended states of the conduction band, with the electrons being slowed by a
trapping/detrapping mechanism in empty electronic band gap states.?® Moreover, as the size of
the TiO2 nanoparticles (typically 20 nm) is small as compared to the depletion layer (typical
width of 10 — 1000 nm), band bending at the nanoparticles/electrolyte interface can be
neglected. Finally, homogeneous equilibrium occupancy of bandgap states corresponding to
the applied potential can be achieved over the entire nanostructured film.

According to Eg. 1 and Eq. 2, changes in the applied potential will thus induce changes
in the electronic occupancy of the electronic states. The conductivity of the film that relies on
the density of delocalized electronic states close to the Fermi level, will thus also be tuned
under bias. If TiO2 is biased positively, the Fermi level will lie far from the conduction band
and the conductivity will be very low. On the contrary, if the potential is biased negatively,
electrons will accumulate in the material by progressively filling the bandgap electronic states.
The conductivity of the TiO> film will thus increase exponentially up to a maximum value once
Er reaches the conduction band edge®, as demonstrated experimentally. Under such conditions,
the TiO> film behaves as fully conductive. Accordingly, three potential regions characterized

by different conductivities of the TiO film can be defined (see scheme 2).

2.3. Capacitance of nanostructured TiOz electrodes

Based on the electronic structure of TiO2 and the effect of bias on its conductivity, we
can now describe the capacitance of a nanostructured TiO> electrode soaked into an electrolyte
solution. Capacitance is an essential electrical quantity which associates a change in the charge-
carrier concentration to a change in potential (C = dQ/ dE). We will here shortly present the
main features of a model initially developed by Bisquert et al. that allows for a good

understanding of the unusual cyclic voltammograms (CVs) recorded at TiO> electrodes.

In this model, the TiOx/electrolyte interface is described by a series connection of two
capacitances, combining to define the intrinsic capacitance Cr of the film.?® The first one
corresponds to the chemical capacitance of the TiO: electrode (Cr;p,) and thus to the
progressive filling of the electronic states located in the bandgap as the potential is downshifted
toward E.. It is dominated by the filling of the bandgap states as N << N;. Accordingly,

Crio» Tollows the following exponential law?®:
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o aF
Crio = Coexp(—3m (E= Ee))  (#)

where C, is related to the maximal concentration of electrons that can be injected in the

bandgap states, and E.5 is expressed in V.

The second capacitance corresponds to the double layer capacitance at the conductive
electrode/electrolyte interface (Helmholtz layer, C) once TiO2 is in its conductive state, i.e.
when E lies close or below E5 . Its value is independent of the applied potential and expected

quite high according to the high surface area of the nanostructured film.

Finally, since the nanostructured TiO, film is deposited on a fully conductive planar
substrate (ITO in the present case), there is also a double layer capacitance at the
ITO/electrolyte interface (C;ro). The simplified equivalent electrical circuit characterizing the

nanostructured TiO; electrode is finally given by scheme 3.

ITo Crio,  Tio, Electrolyte Pt

Re—transport

o

| Crro { Cpe
| Zelectclvte

Scheme 3. Equivalent circuit for a semiconductive nanostructured-TiO, soaked in an electrolyte. Re-transport
indicates the electron transport resistance. Zeiectrolyte iS the impedance of diffusion of redox species in the electrolyte.

Crt is the interfacial capacitance at the counter electrode/electrolyte interface.

The total capacitance (Cr) of the electrode is thus given by Eq. 5:
Cr= Crro+ Cr (5)
where Cr is the series capacitance of Cr;o, and Cy that (see below).

When the applied potential falls in the potential window where TiO2 behaves as
insulator (Evs << E << Ecg), the amount of electrons accumulated into the semiconductive film

is negligible and only capacitance at the ITO/electrolyte interface (C;ro) remains.
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Upon shifting the applied potential toward Ecg, electrons are injected (or accumulated)
in the TiO: film to progressively fill the bandgap electronic states, with both Cr;o, and Cy

contributing to the total capacitance according to Eqg. 6:

Accordingly, the response (i.e., current) of the interface to a change of the electrode

potential will depend on the Cy/Cr;, ratio as evidenced in Figure 1.

For Cy/Crio,>> 1, the capacitance Cr will be governed by Cr;,. Such a high ratio will
be obtained for low Cr;(, values, i.e. for potential values remaining far from the conduction
band potential. In such a case, and according to Eg. 5, CVs are characterized by an exponential
increase of the current as shown in Figure 1A, starting at an onset potential characterizing the
accumulation region. As the applied potential gets closer to Ecs, the Cy/Cr;o,ratio decreases
and the shape of the CV will become more and more rectangular, as evidenced in the

simulations of Bisquert et al. reported Figure 1B.

Finally, when the applied potential lies below the conduction band potential (i.e., E <
Ecg), TiO2 behaves as a fully conductive metal-like electrode and its capacitance is given by
the constant Helmholtz capacitance (Cy). In this case, a rectangular shape is expected for the

CV as shown in Figure 1C.

Figure 1. Simulations of cyclic voltammograms for an exponential capacitance with a series of Helmholtz
capacitance (Cy) and chemical capacitance (Cr;p,).? In this simulation, a = 0.25 (exponential slope of 240 mV
per decade) and Cn/Crioz = 1000 for (A), 10 for (B), and 0.1 for (C).

17



2.4. Specificity of aqueous-based electrolytes

It is well-established that the band positions of semiconductor oxides usually show a
strong pH dependence that is generally attributed to acid-base equilibria at the metal oxide
surface. This is also the case for TiO; as initially demonstrated by Rothenberger et al. using
spectroelectrochemical methods.! They evidenced a— 60 mV per pH unit increase dependence
of the flatband potential (i.e., the onset potential at which electron starts accumulating within
TiO2) over a pH range from 2 to 12. Further work by Lyon and Hupp demonstrated that the CB
edge is indeed controlled by the pH-dependent Ti'''/Ti'V couple according to Eq. 7:

TiV0,+ e~ + HY & Ti'(0)(OH) (7)

A 64 mV shift per log(proton activity) of the Ecs value, assumed equal to the flatband
potential, was found over ~ 31 pH unit of pH (Figure 2),% and quantitative uptake of proton
upon electrochemical generation of Ti'"' was moreover supported by EQCM (Electrochemical
Quartz Microbalance). According to these two studies, and despite some controversy on the
methodology used to determine the flatband and the conduction band potentials in
nanostructured TiO; electrodes®, the following Eq. 8 is generally used for the pH-dependence

of the conduction band potential of nanostructured TiO; electrodes®?:
Ecg = Ecp — 0.060 pH (8)

with E¢g, the value of the conduction band potential edge at pH 0, estimated at ca. -0.4 V vs.
SCE.

Figure 2. Dependence of reflectance-derived CB edge energy on log(proton activity). (c.s.c.e.: conventional

saturated (NaCl) calomel electrode).®?
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According to the pH dependence of Ecs, the potential window used to investigate
nanoparticulate TiO> films by cyclic voltammetry has to be adjusted to the pH of the aqueous
electrolyte solution, as evidenced in Figure 3.3 However, the shape of the CV is rather
unaffected by the pH change and the capacitive current exhibits the following characteristics,

that are fully in line with the model presented in the previous section.

Figure 3. Cyclic voltammograms of a nanoparticulate TiO, film soaked in an aqueous solution at (black) pH 3
and (red) pH 11.3* According to Eq. 8, Ecg values are estimated to -0.54 and -1.02 V vs. Ag/AgCl for pH 3 and

11, respectively.

Firstly, at potentials E > 0 V, the intensity remains low and independent of the applied
potential. In this potential window, the TiO> film behaves as an insulating porous layer. As
long as the applied potential remains much more positive than the conduction band potential
of TiO2, the observed background current only arises from the electrical double-layer charging

capacitance of the underlying exposed conductive substrate.

Secondly, exponential increase of the intensity is observed once the applied potential
lies below ca. -0.1 Vand -0.6 V at pH 3 and 11, respectively. At this onset potential, progressive
filling of electronic states starts (i.e., the filling of bulk or surface localized states that are
distributed in the sub-bandgap region of TiO- and filling of extended range of conduction band
when the potential is raised close to Ecg), allowing for progressive increase of the film
conductivity. The current corresponds thus to the chemical capacitive charging current of
semiconductive mesoporous TiO> film (Cg) and shows exponential increase with the applied

potential (when Ckr is governed by Crioz, i.e. when E remains far from Ecg).
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Finally, as the applied potential reaches the conduction band potential (i.e. -0.58 V and
-1.06 V at pH 3 and 11, respectively), the semiconductive material is expected to turn out fully
degenerate and so to behave as a metal-like conductive film. Under this condition, negative
charges are accumulated in TiO2 by applying cathodic potential, the capacitive background
current should become theoretically constant and independent of the potential and just
governed by the charging of the double-layer generated at the quasi-metallic TiO> film. It is
however worth to note that the CV presented here (as most of the CVs available in the literature)
do not exactly show the expected rectangular shape expected. This might be due to the
occurrence of proton insertion resulting into strong electron accumulation as will be discussed

in the next section.

3. Redox reactivity of TiO: electrodes and charge storage

One of the important characteristic of nanostructured porous semiconductive TiO>
electrode is their ability to massively accumulate electrons, which makes them of prime interest
for the development of supercapacitors or batteries.?® In this section, we will thus present the
two charge accumulation mechanisms occurring in aqueous electrolytes at conductive
nanostructured TiO> electrodes, i.e. when the applied potential lies below the conduction band
potential so that the metal oxide film is in its fully conductive state.

First, once the metal oxide behaves as a conductive material, charge accumulation
occurs at the electrode/electrolyte interface through formation of the electrical double layer
(EDL). This corresponds to the non-faradaic accumulation of ions from the electrolyte at the

metal oxide surface and it is directly proportional to the expanded surface of the material.

Secondly, reversible charge accumulation can also occur by a faradaic redox process
associated to the reduction of Ti'V to Ti'"'. As discussed in the previous section, this reaction
can occur at the metal oxide/electrolyte interface and may explain the pH-dependence of Ecs
observed in aqueous electrolytes. However, it is also expected to occur in the bulk material as
long as small cations are present in the electrolyte to insert and locally compensate the charge.
As a consequence, massive redox formation of the reduced Ti'" ion within the bulk material
may occur which is associated to a strong electrochromic effect and blue-black coloration of

the film. This ion-insertion faradaic charge storage process has mainly been studied with small
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cations such as Li* or H*, which are capable of insertion and diffusion within the metal oxide
lattice.

It is now well established that Li* can readily be massively inserted into the TiO; lattice.
This process was mainly studied in aprotic electrolytes and in presence of highly concentrated
electrolytes (typically few molar).®>-3® Upon Li* insertion, charge accumulation within TiO
allows for formation of Li, TiO, phases that are exploited as negative electrode in lithium-ion

battery. The electrochemical lithiation/delithiation reaction of TiO; is described by Eq. 9:263"-
38

TiO, + xLi* + xe~ — Li, Ti0, (Li, Ti'"TiV..0,) (9)

with 0 < x < 1, the mole fraction of inserted Li*. This value is greatly affected by the
crystallinity of TiO2, and a maximal x value of 1 is obtained for (B)-TiO2%* allowing thus to
reach the maximal theoretical charge storage capacity of TiO, i.e. 335 mA h-gt. The
lithiation/delithiation process remains however slow, which is due to the quite slow diffusion
of Li* within the TiO> lattice, and requires thus very low scan rates to be studied by cyclic
voltammetry (typically < 1 mV-s1). In aqueous electrolytes, strong charge accumulation was
also observed in presence of a lithium-based electrolyte under basic conditions. This was
attributed to Li* insertion and thus exploited in the development of rechargeable aqueous
alkaline batteries.?324

Proton insertion within TiO2 has also been evidenced in aqueous electrolytes, but it is
worth to note that this process remains far much less studied than Li* insertion. As mentioned
in the previous section, Lyon and Hupp have evidenced that the electrochemical reduction of
TiO2 is accompanied by proton uptake over a wide pH range and so assumed that the process
occurs within the bulk of the material.3? More recently, Ghicov studied the electrochemical
uptake of H* in anatase TiO2 nanotubes.*° They observed a high storage capacity together with
a strong electrochromic effect upon charge accumulation under strongly acidic conditions (pH
1). By comparing with bulk TiO2, they conclude that proton insertion is limited to surface near
region and that storage capacity depends on the surface area rather than on the bulk amount of
TiO2. Accordingly, it is now well-admitted that charge storage within TiO2 can occur in

aqueous solution through proton insertion according to Eg. 10:

TiO, + xHY + xe~ - H,Ti0, (H,Til'"Ti}V,0,) (10)
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Still, many crucial questions concerning proton insertion remains fully open. This
concerns notably the source of protons, especially under strong basic conditions where the
amount of free protons is negligible, but also the rate and reversibility of the process as well as

whether it is a massive process or not. These questions will be addressed in the present study.

4. Charge transfer at functionalized mesoporous TiO:2 electrode

In the previous sections 2 and 3, we focused on the electrochemical features and charge
storage processes at non-functionalized nanostructured TiO2. Another important field of
investigation for semiconductive TiO2-based materials is when the later are associated to a
charge transfer with an immobilized redox active molecule, which is typically the case in
photoelectrochemical applications such as DSSCs. In such applications, an electron transfer
reaction is generally produced by photoexcitation of an immobilized redox-active chromophore,
which once excited leads to the photoinjection of electrons into the conduction band of TiOo.
The efficiency of this process is strongly dependent on the detrimental back electron transfer
reaction occurring between the reduced TiO. and the oxidized dye.** Accordingly, better
understanding of electron transfer between the semiconductive electrodes and adsorbed dyes

is of crucial importance.

In earlier work in the laboratory, a new UV-visible spectroelectrochemical method was
developed to investigate functionalized nanostructured TiO> films. Thanks to the large surface
area of the nanostructured semiconductive film, large amount of redox-active chromophores
can be immobilized, up to a concentration easily detected by spectroscopy. This allows for
cross-correlation of absorbance data, arising from the redox-active immobilized chromophore,
and electrochemical data associated to the functionalized semiconductive electrode. This
methodology allowed notably deciphering between the different modes of charge transport
mechanisms that can occur in a mesoporous TiO> film loaded with a redox probe (i.e., by
physical diffusion of the redox species, by hopping electron transfer mechanism, and by
electron diffusion within the TiO, material). Also, a model for interfacial electron transfer of

TiO; functionalized with redox active molecules was successfully developed.?®

One interesting aspect to note is that the difference of energy position (i.e., potential)
between the adsorbed redox active molecule and the TiO2 conduction band defines not only

the thermodynamics of the interfacial electron transfer, but also its reversibility. Indeed,
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interfacial electron transfer at the TiO> electrode can only occur once the conductivity of the
semiconductive film is high enough, i.e. once the applied potential is close enough to the
conduction band. Accordingly, when the formal potential of the adsorbed redox probe lies
much more positive than the conduction band potential (i.e., E<>> Ecg), interfacial electron
transfer at the TiO> interface is irreversible (see scheme 4). In this case, the TiO> film shows a
diode-like behavior.?8 On the contrary, when the formal potential of the adsorbed redox probe
lies close (or below, E < Ecg) to the conduction band potential, the interfacial electron transfer

is fully reversible, as recently demonstrated with nanostructured SnO> films.*2

-E(V)

Ecp =

VB

+E(V)

Scheme 4. Schematic representation of the electronic states involved in the interfacial electron transfer between
an EISA-TiO, semiconductive film electrode (o = 1) and adsorbed redox probes (*) characterized by two different
standard redox potentials. In green: if the redox potential lies within the conduction band potential of TiO,
electron transfer is expected to be reversible. In violet: interfacial electron transfer will be irreversible if the redox

potential of redox active molecule lies far from the conduction band of TiO,.

A second interesting aspect concerns the determination of whether localized bandgap
electronic states (or trap states) are involved in the interfacial electron transfer or not. In the
model developed, fast electron injection from the underlying conductive ITO surface to an
exponential distribution of electronic state of TiO> (i.e., a Boltzmann distribution of empty
conduction band electronic states complemented by an exponential distribution of empty
surface states localized in the bandgap) is followed by fast transport of the injected electrons
(e7rio2) through a random walk diffusion-like process across the TiO2 mesoporous network (so

fast that it can be assumed not rate limiting).
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e” + Orio, © erip, (Ecpa Co) (11)

In this description, C, is the maximal concentration of electrons that can be injected at
saturation in the TiO2 material and the parameter @ (0 < a <1) is a dimensionless factor that
characterizes the energy distribution of the localized electronic states involved in the interfacial
electron transfer. In the previous work with EISA-TiO; electrode?, the a value was found to
be 1. This value allowed to conclude that only electrons from the extended conduction band
states are involved in the heterogeneous electron transfer reaction. An explanation put forward
to interpret this lack of electron transfer communication between the localized traps in TiO>
and the immobilized redox molecule is that traps are predominantly located into the bulk TiO>
rather than on the surface of the metal oxide material. This seems to be a specificity of TiOo.
Indeed, in the case of EISA-SnO; electrodes*’, the a value was founded lower than 1,
indicating that the electrons involved in the interfacial electron transfer arise from a larger
energy distribution of electronic states, and so the involvement of low energy electronic surface

states distributed in the bandgap.

5. Aim of the present PhD work

The aim of the present work is to further investigate charge transfer/transport and charge
storage at nanostructured TiO> electrodes under aqueous electrolyte conditions, pursuing thus
previous work developed at LEM. For such purpose, we will take advantage of highly
reproducible mesoporous amorphous TiO- electrodes prepared by a one-step vapor deposition
method called GLAD (i.e., glancing angle deposition method) from our collaborator in Canada
(Dr. Kenneth Harris from the Nationnal Intitute of Nanotechnology, Edmonton). These
electrodes, constituted of TiO.-based nanocolumns oriented perpendicular to a conductive
underlying substrate, are characterized by a well-opened mesoporosity, a tunable film thickness
and a high surface area and, last but not least an excellent reproducibility that allows for
quantitative fundamental studies. The detailed electrode preparation and properties are

described in the experimental part (section 3).

This manuscript consists of two main parts. Part A (chapters 1 and 2) covers the
understanding of charge transport and electron transfer at metal oxide GLAD-electrodes

functionalized by a redox active catalytic chromophore. In part B (chapters 3 and 4), we will
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focus on charge accumulation within non-functionalized GLAD-TIiO- electrodes in aqueous

solutions.

In chapter 1, we have investigated the non-catalytic and catalytic reactivity of
semiconductive GLAD-TIO: electrodes functionalized by a manganese porphyrin as redox
active chromophore for the catalytic reduction of O,. A systematic comparison with
functionalized GLAD-ITO electrodes was performed in order to unambiguously conclude on
the influence of the TiO. semiconductive film on the observed reactivity. This work takes
advantage of a spectroelectrochemical method developed at LEM, notably by C. Renault,
which makes it possible to not only study charge transfer processes at nanostructured
semiconductive interfaces functionalized by redox probes that do not possess catalytic activity
(briefly described in section 4), but also to investigate the catalytic reactivity of a redox
chromophore adsorbed in a nanostructured film of totally conductive metal oxide.?*® In the
present study, the redox catalyst, i.e. the manganese porphyrin, is chemisorbed at the metal
oxide interface thanks to phosphonate functional groups which allows for simplified analysis
of charge transport by minimizing desorption of the redox probe and avoiding its interfering

physical diffusion throughout the semiconductive film.

Chapter 2 reports on a published study concerning an alternative functionalization
protocol developed in order to achieve stable surface functionalization of mesoporous metal
oxide films by diazonium electrografting. For such a purpose, planar and high surface fully
conductive GLAD-ITO electrodes we modified by a free-base porphyrin diazonium salt
through in-situ electrodeposition, and then characterized by various analytical methods. This
is to our knowledge the first demonstration of high surface ITO electrode functionalized by the
diazonium electrografting method. It was initially planed to transpose this process to
semiconductive GLAD-TIiO: electrodes, but unfortunately this could not be done as part of this

PhD work due to a lack of time.

Chapter 3 reports on a second published work evidencing that massive, fast, and
reversible proton insertion can occur within GLAD-TIO: electrodes at neutral pH, i.e. in the
absence of a significant amount of free protons in solution. In order to emphasize this point,
coupled proton-electron storage in GLAD-TiO2 was investigated by spectroelectrochemistry
in either strongly acidic unbuffered aqueous electrolyte (i.e., hydrochloric acid) or buffered
aqueous electrolyte at neutral pH 7.0 condition (i.e., Hepes buffer solution). Quantitative

analysis of the proton-coupled electron storage reaction was achieved, allowing us to evidence
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a process limited by diffusion and to estimate the diffusion coefficient of protons within the
bulk TiO2. On the basis of these experimental results, a model was developed by Pr. C.
Costentin to account for cyclic voltammetry modeling of charge storage in conductive

materials. This has been the subject of a publication (see annexe).**

While chapter 3 is mainly focused on proton insertion at pH 7.0 in the Hepes buffer, in
chapter 4, proton-coupled charge accumulation was further investigated from an enlarged point
of view in a wide range of aqueous electrolytes. Organic and inorganic weak acid aqueous
electrolytes (i.e., with diverse pKa values) were notably studied under various pH conditions
and with advanced types of GLAD-TIiO: electrodes (see experimental parts) in order to get
deeper insights into the crucial parameters of both the electrolyte and the electrode affecting
the charge storage performances. These charge/discharge processes have been studied with a
view to developing in the medium term a rechargeable aqueous battery based on the reversible
insertion of protons, and using a negative electrode consisting of a nanostructured TiO> film.
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Chapter 1. Reactivity of conductive GLAD-ITO and
semiconductive GLAD-TIO:electrodes

functionalized by a manganese porphyrin (Mn-ph)
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1. Introduction
1.1. Aim of work

In this chapter, the main objective was to study and characterize the dynamics of charge
transfer and electron transport within a transparent mesoporous semiconductor metal oxide
film of TiO2 coupled to the catalytic reactivity of a redox-active molecular catalyst immobilized
within this porous film. Qualitative and quantitative analysis were carried out to interpret and
elicit the crucial information on the heterogeneous charge transfer occurring between the
adsorbed redox species and the semiconductive mesoporous TiOz film. Another objective of
this study is to complement the knowledge acquired through a series of works previously
carried out in the laboratory and that have allowed a better understanding of the charge
transport/electron transfer within mesoporous TiO2 and SnO- films functionalized with redox
active porphyrins.t2 In these previous works, through the modeling of interfacial charge
transfer between the adsorbed redox species and the porous semiconductor, the electron
transport by different modes (i.e., through physical diffusion, electron hoping, or conduction

band) was unraveled.

In the present work, with the aim to go a step further in the understanding of the electron
transfer and charge transport properties within a mesoporous semiconductive material, the
reactivity of a redox-active porphyrin immobilized within a nanostructured mesoporous TiO>
film has been investigated under catalytic turnover conditions (i.e., under the catalytic
reduction of molecular oxygen). The aim here is to address some unsolved fundamental
questions concerning the influence of the semiconductor network on the catalytic reactivity of
a molecular catalyst immobilized on its surface. Moreover, in order to observe unique features
of the semiconductive TiO: films, fully conductive ITO films were investigated as well to

compare those two films with different conductive characteristics.

This fundamental work is linked to the field of energy conversion technologies such as
dye-sensitized solar cells or photoelectrocatalytic cells for the reason that many of these
applications are conceptually based on the immobilization of molecular redox-active catalyst
or dye within a conductive or semiconductive mesoporous metal oxide films.3® Consequently,
in order to better understand and optimize these systems, these is a need to investigate the
fundamental aspects of electron transport and charge transfer processes that take place within

these functionalized mesoporous semiconductive films.
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1.2. Methodology

The important role of metalloporphyrins plays in vital biological processes, in particular
photosynthesis  (chlorophyll), oxygen transport (hemoglobin), oxygen activation
(cytochrome).” Interest in metalloporphyrins are not confined only in the biological field as
these compounds are well-known dyes for photocatalysis and efficient molecular redox
catalysts in the presence of Oz, H,O2, or other oxidants.®! Among the various available
metalloporphyrins, we have selected and synthetized the manganese porphyrin (Mn-ph) which
is an ideal one-electron redox porphyrin with intense absorption band around 466 nm (Soret
band, will discuss later), a redox-active molecular chromophore known to efficiently catalyze
the reduction of molecular 02.1%*2 This manganese porphyrin (see experimental part, page 46
for a chemical structure) is functionalized with a phosphonate group in such a way to allow its

anchoring on the surface of a metal oxide material through stable chemisorption.4-1°

The mesoporous ITO and TiO> films were prepared by GLAD, a physical vapor
deposition method that allows producing relatively thick mesoporous films of TiO, with a high
degree of control in the porosity and morphology as well as in the film reproducibility (see
experimental part). In previous works in the laboratory, the mesoporous TiO> electrodes were
prepared by a sol-gel process called evaporation-induced self-assembly (EISA), but, despite
the possibility to reach a much higher specific surface area than with the GLAD technique, the

batch-to-batch reproducibility was not as good.'*

GLAD-ITO and -TiO2 mesoporous films also offer a good transparency in the visible
range, which is important for quantitatively investigating by real-time spectroelectrochemistry
the reactivity of Mn-ph functionalized metal oxide electrodes (i.e., Mn-ph/GLAD-ITO and Mn-
ph/GLAD-TiO.). This methodology allows to simultaneously follow absorbance changes of
the immobilized chromophore and transparent semiconductive electrode at specific
wavelengths respectively during an electrochemical experiment. Thus, establish the cyclic
voltabsorptograms (CVAs) at various specific wavelengths depending on the purpose of
focusing on each electron transfer reaction. CVAs and derivative cyclic voltabsorptograms
(DCVAS) lead to a particularly accurate monitoring of faradaic electron transfer reactions at
immobilized redox chromophores without the capacitive contribution from the high surface

area electrode. X6’
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2. Electrode functionalization
2.1. Description of GLAD-electrodes

In this chapter, GLAD-ITO and -TiO> films grown on ITO-coated glass slides were

used. The structural information for each type of GLAD electrodes is gathered in Table 1.

Table 1. Structural information of the GLAD-ITO and -TiO; electrodes used in this chapter.

GLAD electrode ITO TiO;
type
Film thickness (ds, 0.5 0.55

pm) that used in
this chapter

deposition angle (9 80 72
Surface 65 300
enhancement'® by
BET
Surface 30 not determined

enhancement'® by

electrochemistry
Porosity*® 0.54 0.35

SEM image (side

view)

* No SEM image for 0.55 pm film thickness GLAD-TIO..

2.2. Chemical surface functionalization of GLAD electrodes by Mn-ph

Functionalization of mesoporous GLAD-electrodes films was achieved by immersing
them in a solution of manganese porphyrin (~ 25 M of Mn-ph in a 1:9 mixture of DMSO and
water adjusted to pH 4-5 with HCI) during overnight. Mn-ph was synthesized by our
collaborator (Dr. Alla Lemeune) from Universitéde Bourgogne.'® Exact concentration of
Mn-ph in solution was determined from the Soret band in UV-visible spectroscopy.
Absorbance of Mn-ph solution was 0.5 at 466 nm in a 2 mm cuvette. The concentration of Mn-

ph, therefore, was estimated to be 25 M, assuming a molar extinction coefficient of 10° M-
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Lem? at Soret band.?° Mn-ph was immobilized through chemisorption of the phosphonate
anchoring group onto the mesoporous metal oxide surfaces (Scheme 1). Thereafter, the Mn-
ph-functionalized GLAD electrodes (i.e., Mn-ph/GLAD-ITO or Mn-ph/GLAD-TiO,) were
rinsed with Milli-Q water and immersed in an aqueous buffer solution (i.e., a 0.1 M Hepes

buffer with 0.05 M Na>SO4, pH 7.0) at least for ~20 min prior to the experiments.

@ @ GLAD-ITO or -TiO,

L7
/ \-‘O

o]

‘ T
GLAD-ITO or -TiO, |

Scheme 1. Schematic representation of chemisorbed Mn-ph onto three dimentional
GLAD-ITO or —TiO; electrodes.

The resulting Mn-ph/GLAD-electrodes were characterized by UV-visible absorbance
spectroscopy (Figure 1). The UV-visible spectra of the Mn-ph-modified GLAD electrodes
were systematically corrected from blank contribution of the unmodified porous metal oxide
film. The Soret band of Mn-ph/GLAD-ITO and Mn-ph/GLAD-TiO2 were both observed at 466
nm, whereas the Soret band of the Mn-ph in solution is located at 462 nm. Once normalized to
the real surface area (~35-fold surface area enhancement for the 500 nm GLAD-ITO vs. ~300-
fold for the 550 nm GLAD-TIO), the magnitude of absorbance (representing the surface
concentration of Mn-ph immobilized within the metal oxide film) was observed much lower at
the Mn-ph/GLAD-TIO> than at the Mn-ph/GLAD-ITO. Thig might be attributed to various
other factors such as isoelectric point, binding affinity, porosity, and density of electrodes.
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Figure 1. UV-visible spectra of (red) Mn-ph (25 pM) DMSO and water solution (1:9, v/v), (blue) Mn-ph/GLAD-
ITO and (black) Mn-ph/GLAD-TiO; in Milli-Q water. The UV-visible spectra of Mn-ph/GLAD-ITO and -TiO;

were compensated by subtract of contribution of each porous metal oxide film, respectively.

It is well known that the intense Soret band absorption in most porphyrins is attributed
to the electron dipole movement that allows a m-n* transition of So — S (i.e., ground state to
second excited state), while for the Q-band(s) it arises from the Sp — Sy transition (i.e., ground
state to first excited state).?’ For the immobilized porphyrin, Q-bands at 560 nm are not very
well-defined. This is attributed to the fact that the Q-bands has a weak intensity as compare to
Soret band due to the weak transition, splitting to several peaks, resulting the ratio of Soret

band and Q-band intensities even to be 50:1.%2

In order to identify the wavelength that should be appropriate to monitor in
spectroelectrochemistry, the Mn-ph/GLAD-ITO and Mn-ph/GLAD-TiO; electrodes were
characterized by UV-visible spectroscopy as a function of different applied potentials. Before
to apply a cathodic potential, the Soret band located at 466 nm corresponds to the oxidized
state of Mn-ph (i.e., Mn'-ph) either at the GLAD-ITO or the GLAD-TiO- electrode. After
polarizing the electrode at a negative potential of -0.8 V (vs. Ag/AgCl), a nearly instantaneous
shift of the Soret band at 432 nm is observed, characteristic of the reduced Mn"-ph (Figure 2).
These results demonstrate that all immobilized Mn-ph is electroactive.
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Figure 2. UV-visible spectra of (top) Mn-ph/GLAD-ITO and (bottom) Mn-ph/GLAD-TiO; recorded at (blue and
black) +0.5 V (vs. Ag/AgCl) and (cyan and grey) -0.8 V (vs. Ag/AgCI). UV-visible spectra were all corrected

from the UV-vis blank spectra recorded in the absence of Mn-ph.

3. Interfacial electron transfer at Mn-ph/GLAD-electrodes under degassed condition

The electrochemical reactivity of Mn-ph/GLAD-electrodes under degassed condition
was first investigated. Degassed condition was achieved by thoroughly bubbling Argon gas

into the electrochemical cell.
3.1. Mn-ph/GLAD-ITO

Mn-ph/GLAD-ITO electrodes were investigated using the combined technique of
cyclic voltammetry and UV-visible spectroscopy (i.e., by monitoring the absorbance change at
432 nm during a CV scan). The resulting cyclic voltammograms (CVs) (the current is here
normalized to the geometric electrode area, the Faraday constant and the scan rate v), cyclic
voltabsorptograms (CVAs, where the y-axis represents the absorbance change monitored at
432 nm), and the corresponding derivative cyclic voltabsorptograms (DCVAS) are shown in

Figure 3.
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Figure 3. (Top) CVs, (middle) CVAs monitored at 432 nm, and (bottom) corresponding DCVAs recorded at a
Mn-ph/GLAD-ITO electrode at a scan rate v of (navy) 0.1 V s, (cyan) 0.2 V s2, (green) 0.5 V s, (olive) 1V s
!, (dark yellow) 2 V s, Electrolyte is 0.1 M Hepes buffer solution with 50 mM NaSO4 (pH 7.0).

The relationship between CVs and DCVAs is given by the following equation

(expressed in electron flux density ¢, i.e., in mol €m2 s):

A4, i

P~ gt nrs W

where F is the Faraday constant (96500 C mol™), n the number of electrons involved in the
redox reaction (n = 1 for Mn™/Mn" couple), S is the projected geometric electrode area (cm?),
i current (A), AA, the absorbance change at a specific wavelength (here at 432 nm), and Ae;,

the extinction coefficient difference between the reduced and oxidized states of Mn-ph (i.e.,

39



Mn/Mn). The extinction coefficient difference Aess. is determined from the Beer-Lambert

law given by Eq. 2:

AAyzy = DAéeyzp * AFMn,, (2)

From integration of the faradaic peak in CV (dashed line in Figure 3, navy color), the

amount of reduced porphyrin (A" ) was estimated to 1.7 > 10™° mol em™. From the
Mn

absorbance change in CVA (AA4,3, = 0.065), a Ag,3, value of 380 000 M em™ s obtained.

CVs are characterized by a large rectangular shaped capacitance contribution over the
entire potential window, arising from the high surface area conductive GLAD-ITO film. On
the top of the capacitive current, a well-defined pair of reversible faradaic peaks centered on a
formal potential of -0.42 V vs. Ag/AgCl is observed. It is attributed to the Mn"/Mn"! reversible
one-electron redox couple process, as confirmed from absorbance variation at 432 nm. It is
clearly seen that the total current density (i.e., the sum of capacitive and faradaic current) is
proportional to the scan rate, a least within the range of scan rates that were investigated (from
0.1to 2 V s1) (Figures 3 and 4).

It is the interesting to note that the absorbance variation on the CVAs shows a full
reversibility with a low hysteresis between the forward and backward scans. Also, the
absorbance change remains constant and independent of v up to 2 V s, whereas the faradaic
peaks of Mn™/Mn™ in CVs and DCVAs (will discuss later) shows a linear relationship with
scan rate v (Figure 4). This result attests of a surface-confined redox process involving a fast
interfacial electron transfer. This indicates that all Mn-ph molecules within the film are rapidly
and reversibly converted into their reduced and oxidized states within the time scale of the
experiment. The surface concentration of Mn-ph can also be estimated from the linear
relationship between the electron flux density and the scan rate, using the following expression
which assumes a fast Nernstian electron transfer reaction:

[ nF

¢ = Fs~arT "’

r- @3

where v is the scan rate (in V s1), T the temperature (25<C, 298 K), F the Faraday constant
(96500 C mol™), R the gas constant (8.314 J K mol™), n the number of electrons involved in
the redox reaction (here n = 1), S is the projected geometric electrode surface area, and I the

surface concentration of the oxidized form of immobilized Mn-ph at the TiO interface (in
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mol €m?). Using Eq. 3, the surface concentration (I") was estimated as 1.0 x107° mol €m?, a
value which is close to the one estimated from integration of the faradaic peak in CVs (i.e., 1.7

x1071% mol em™).

Finally, similarly to CVs, DCVAs show a well-defined pair of reversible symmetrical
peaks at a formal potential of E°”=-0.42 V that can be attributed to the Mn'-ph/Mn"-ph couple
(Figure 3). In contrast to CVs, DCVAs are not affected by a capacitive contribution, allowing
thus to better and more accurately discerned the redox conversion of Mn-ph. The cathodic and
anodic electron flux densities as well as the cathodic and anodic peak potentials of Mn'!-
ph/Mn"-ph redox process are plotted as a function of v in Figure 4. Electron flux density is
proportional to v whereas the absorbance changes monitored at 432 nm are independent of v, a

result which is also a characteristic of a thin-layer redox process.
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Figure 4. Variation of (A) peak potential and (B) electron flux density of the (red) cathodic and (black) anodic

DCVAs peaks as a function of v.

The kinetics of electron transfer can be inferred by measuring the peak potential
separation between the anodic and cathodic waves of DCVAs as a function of v. Upon raising
v up to 1 V s, no significant hysteresis (i.e., no large peak separation) is observed on the
DCVA:s, indicating that the heterogeneous electron transfer is fast and not rate-limiting. At a
scan rate higher than 2 V s, however, an increasing hysteresis is progressively observed. The
small peak potential difference observed between the anodic and cathodic peaks up to 1V s
(i.e., AEp ~ 40 mV) demonstrates that the reversible reduction of the chemisorbed Mn-ph is

fast and thus occurs under thermodynamic equilibrium.
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3.2. Mn-ph/GLAD-TIO2

In section 3.1, the Mn'-ph/Mn"-ph redox potential was observed at -0.42 V using a
fully conductive GLAD-ITO electrode. As mentioned in the general introduction, the
conductivity of TiO- is progressively increased upon applying an increasingly more negative
potential, passing thus progressively from an insulating to a conductive state at cathodic
potential (onset potential at -0.5 V vs. Ag/AgCl at pH 7.0). When the applied potential is raised
towards to the conduction band potential of TiO2 (Ece =-0.78 V at pH 7.0), the occupancy of
electrons in the electronic states of the band gap (trapped electrons) and of the extended
conduction band edge is increased (see general introduction). Therefore, compared to the fully
conductive Mn-ph/GLAD-ITO electrode so far investigated, the electrochemical behavior of

the Mn-ph/GLAD-TiO. electrode is expected to be different owing to its unique
semiconductive properties (scheme 2).

Ecg =078V = \
o : ;
Eyp =-042 V=t — -~ = — = JVn™ph/Mn"ph
+E (V)

Scheme 2. Schematic representation of distributed electronic states in band gap below the conduction band of

TiO2 and the interfacial electron transfer between TiO; and the chemisorbed Mn-ph.

To investigate this specific behavior, unmodified and Mn-ph-modified GLAD-TIO>
electrodes were investigated by spectroelectrochemistry using the same coupled technique of
cyclic voltabsorptommetry than the one used for studying the Mn-ph-modified GLAD ITO
electrode. The CVs, CVAs and DCVA:s for the two different electrodes are shown in Figure 5.
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Figure 5. (Top) CVs, (middle) CVAs, and (bottom) corresponding DCVAs of (left column) Mn-ph/GLAD-TIiO;
and (right column) unmodified GLAD-TiO; recorded in 100 mM Hepes buffer solution with 50 mM Na;SO4 (pH
7.0) in degassed condition. v =10 mV s, Agsz, = 380 000 M? €m™ and Aezg0 = 1200 Mt em (see text).

The CV of the Mn-ph/GLAD-TIO; electrode shows a characteristic irreversible faradaic
reduction peak of Mn'l-ph localized at -0.6 V (yellow dashed peak in Figure 5), which is more
negative than the formal potential of the Mn-ph (i.e., -0.42 V). This behavior is characteristic
of the semiconductive properties of TiOo, the latter starting to be conductive at potential more
negative than -0.5 V as evidenced for the CV of the unmodified GLAD-TiO; (the exponential
rise of the current starts at potential < -0.5 V). At potentials where the redox process of Mn'-
ph/Mn'-ph is expected to occur, the GLAD-TiO: film behaves as an insulator and so the

electron transfer reaction through the mesoporous TiO> film cannot proceed. This is only when
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the applied potential reaches values that render the film increasingly conductive that the
reduction of the Mn-ph can happen.

It is worth to note that on the CV of the unmodified GLAD-TiO: electrode, a smaller
irreversible peak is also observed at a potential of -0.55 V (green dashed in Figure 5), at a
potential value that is slightly more positive than the one observed in the presence of Mn-ph.
Even though there are some controversy in the literature about the exact nature of this
irreversible peak,? it is generally assumed to be related to a narrow distribution of localized
electronic states in the band gap of TiO- (see the general introduction). In order to determine
the surface concentration of redox-active Mn-ph entrapped within the mesoporous film, it is
thus necessary to subtract the CV obtained with the Mn-ph-modified GLAD-TiO; to the one
recorded in the absence of Mn-ph. The resulting difference allows thus to recover the faradaic
response only due to the reduction of Mn!-ph into Mn-ph. Integration of this faradaic

response allowed us to estimate a Mn-ph surface concentration of 4.7 x 107*° mol €m™.

The CVAs in Figure 5 show a nearly irreversible absorbance change at 432 nm for the
Mn-ph/GLAD-TiO; electrode, characteristic of an irreversible conversion of Mn'!'-ph into
Mn'-ph, whereas at the unmodified GLAD-TiO- electrode no absorbance change is observed
(data not shown). This absorbance change moreover coincides with the irreversible peak on the
CV, which both are thus located at a potential much more negative than the formal reduction
potential of Mn™-ph/Mn'-ph (i.e., -0.42 V). Again this demonstrates that the interfacial
electron transfer between TiO2 and immobilized Mn-ph should only proceeds once the applied
potential to the TiO; film is sufficiently negative (i.e., for E < -0.5V at pH 7, scheme 2). This
process is also expected to be fully irreversible because when Mn-ph is reoxidisable (at
potentials > -0.42 V), the TiO> film returned to its insulating state. Nevertheless, spontaneous
slow re-oxidation of Mn-ph was observed to occur even under open circuit potential. This is
the reason why, on the CVA, the absorbance during the backward scan is slightly decreased.
One possible explanation is that the Mn'!-ph is chemically reoxidized by residual traces of
molecular oxygen that are difficult to completely removed by Argon bubbling. The
corresponding DCVA, as expected, shows an irreversible reduction peak of Mn'-ph. In
addition, the Aess2 value was estimated to 380 000 M €m from the absorbance change (AAs32
= 0.18). This Aesz2 for Mn"™/Mn" within GLAD-TiO; has good agreement with that of Mn-
ph/GLAD-ITO in section 3.1.
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On the other hand, electrons accumulation within a semiconductive TiO; electrode can
be characterized from the growth of absorption in the wavelength range 700-1000 nm, allowing
thus to directly measure the accumulated charges from (see general introduction). We have
thus decided to follow the change of absorbance at 780 nm during CV scans. Consequently, by
monitoring CVAs at 432 nm and 780 nm, it becomes possible to simultaneously get
quantitative information on the amount of Mn-ph that is electrochemically converted during a
scan and, at the same time, on the amount of electrons that are accumulated within the
nanostructured TiOz film. The absorbance variation at 780 nm at GLAD-TiO2 and Mn-
ph/GLAD-TiO> were observed almost the same (data not shown), indicating that charge
accumulated in the nanostructured GLAD-TIO: is not significantly affected by the presence of
Mn-ph.

The extinction coefficient of electrons that are injected at 780 nm (i.e., £,5,) in the
nanostructured GLAD-TiO, was estimated from cross-correlating the current response in CV
to the absorbance change measured by DCVA at a same unmodified GLAD-TIO: electrode.
Direct comparison of CVs and DCVAs can be made possible by representing the flux (¢) of
electron collected per unit of time and electrode area (see Eq. 1). Using an extinction coefficient
value of 1200 Mttm? for the GLAD-TIO, electrode at 780 nm, the electron surface
concentration (Alr) accumulated in the TiO; film can be estimated as being 3.13 x 10®
mol €m, while from the absorbance change at 432 nm (AA,s, = 0.18) the surface
concentration of Mn-ph adsorbed on the surface of GLAD-TiO- can be estimated to be 4.7 x
101% mol €m using an extinction coefficient difference of Ag,3, = 380 000 M em™ . This
indicates that the total amount of electrons accumulated within the GLAD-TiO: film is much

higher (~ 67-fold) than the amount of electrons required for the Mn-ph reduction.

In order to get deeper insight into the heterogeneous electron transfer between TiO2 and
the chemisorbed Mn-ph redox probe, the irreversible reduction peak was analyzed according
to the same theoretical framework as it was previously achieved at the laboratory using EISA-

TiO; electrodes! and assuming the following electron transfer mechanism:

e"+  r1i, © erio, (Ecpa,CS) (4)

erio, + Mn™ —ph - Mn" —ph (k) (5)
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Reaction 4 is related to the fast reversible injection of electrons from the underlying
conductive ITO surface into the exponential distribution of electronic states of the GLAD TiO>
film (i.e., into a Boltzman distribution of empty conduction band electronic states and also
possibly into an exponential distribution of empty localized states or traps within the bandgap),
followed by fast transport of the injected electrons (er;0,) through a random walk diffusion-
like process across the TiO2 mesoporous network (sufficiently fast for these processes being
assumed never rate limiting). Under these conditions, reaction 4 can be simply quantitatively
described by the following key parameters: C0 the maximal volumetric concentration of
electrons that can be injected within the TiO2 material, a the dimensionless factor that
characterizes the energy distribution of electronic states involved in the interfacial electron
transfer, and E.5 the conduction band edge potential of TiO,. Reaction 5 is related to the
irreversible reduction of chemisorbed Mn-ph at the TiO> interface. It is characterized by an

interfacial electron transfer rate k.

Determination of interfacial electron transfer rate at a Mn-ph-modified GLAD-TIO-
electrode under Ar condition can be achieved from the analysis of either the CV or DCVA
plots recorded as a function of different scan rates. In CV, the cathodic current is the sum of a
faradaic component (If) related to the irreversible redox transformation of the Mn-ph
molecules chemisorbed on the surface of the GLAD-TiO> and of a capacitive component (1)
related to the exponential increase of electrons injected into the extended states of TiO2, but
also, when the film is becoming fully degenerated (i.e., fully conductive), to the charging of
the double layer. In DCVA, only the faradaic component (I¢) has to be considered owing to
the fact that the monitored absorbance change is exclusively focused on the redox state of the
active species absorbed within the GLAD-TIO. film. This faradaic component (/) can
furthermore be subdivided in two components, i.e. Ir ; associated to the reduction of the redox
active species directly at the TiO; interface and I, arising from the fraction of redox probe in
the film that can directly electrochemically reacts at the uncovered underlying ITO electrode.
In this work, we assumed that accordingly to the strong binding of the immobilized redox active
chromophore to the TiO: interface, the faradaic component I, is negligible (in other words,
Mn-ph is assumed so strongly anchored to TiO: that it cannot physically move by slow
diffusion up to the underlying uncovered ITO electrode). Also, in the potential window that we
have investigated (i.e., < -0.5 V where TiO is becoming increasingly metal-like conductive),

only the faradaic component associated to the direct reduction of the redox active species at

46



the TiO; interface need to be taken into account (I, — 0,1 = I 1). If we assumed that, once
injected, the rate of electron mass transport across the TiO> film is very fast and never rate
limiting, it is possible to describe the irreversible peak of reduction by the following analytical

expression:!

. F RT F
¢r = kCoTexp | = - (E — ECB)] X exp {_ﬁkce exp [—ﬁ(E - ECB)]} (6)

where E.p is the conduction band edge potential of TiO> (i.e., -0.78 V at pH 7.0), E is the
applied potential (in V), T the temperature (in K), F the Faraday constant (in C mol™?), R the
gas constant (in J K1 mol™?), v the scan rate (in V s7), I' the surface coverage of the oxidized
form of the adsorbed redox chromophore (in mol €m?), and kC? (in s*) a parameter
characterizing the interfacial electron transfer rate between the immobilized redox active
molecule and the semiconductive film. This expression is only valid when there is no localized
state within the bandgap of TiO>. In case where electrons are also trapped in localized states in
the bandgap of the semiconductor and where the latter could contribute to the interfacial

electron transfer, the following alternative theoretical expression can be used:*

. F RT F
¢r = kCSlexp _aﬁ (E — ECB)] X exp {— EkCe exp [_aﬁ (E - ECB)]} (7)

wherein the additional parameter a reflects the distribution of localized states (or traps) within
the bandgap of the semiconductor. This analytical expression can thus be used to fit the
irreversible peaks in the experimental DCVAs, allowing thus from the best fitting to extract
the unknown parameters kC? and « if knowing the parameters Ecs, I and v. This is typically

what it has been done in Figure 6.

In order to take into account the slow desorption of Mn-ph from the GLAD TiO film
during the time course of the experiment (and so the progressive change of the I'" value), the
surface concentration was systematically reevaluated for each experiment performed at a
different scan rate (the experiments were performed starting with the fastest scan rate of 0.1
V s and decreasing to the slower scan rates down to 1 mV s1). The values of I" determined

at each scan rate from the maximal absorbance change in CVAs at reported in Table 2.
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Table 2. Surface concentration I (nmol €m2) determined from the absorbance change in CVAs

at different scan rates.

v(Vs?) I (nmol €m?)
0.001 0.38
0.005 0.37
0.01 0.47
0.05 0.53
0.1 0.61

Using these I" values, the theoretical Eq. 7 was thus fitted to the experimental data in

Figure 6 by adjusting kC2 and o (for Ecs a value of -0.78 V vs. Ag/AgCl at pH 7.0 was used).

From the best fits, the following values of a = 0.9 and kC? = 272 s* were finally obtained.
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Figure 6. (*) CVAs monitored at 432 nm of Mn-ph/GLAD-TiO. with scan rate v of (blue) 1, (cyan) 5, (navy) 10,
(dark cyan) 50, (olive) 100 mV s in a deaerated 0.1 M Hepes buffer solution with 50 mM Na,SO4 (pH 7.0).
(Rest) Corresponding DCVAs (the code color is the same than in *). The black solid lines are the best fits of Eq.
5 to the experimental data. The I" values used for the fits are reported in Table 2. The value of Ecg was set at -0.78

V vs. Ag/AgCl (pH 7.0). The overall fits were adjusted with a single set of parameters « = 0.9 and kC2 =272 s*
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From Eg. 7, it can be mathematically demonstrated that the peak potential position of

the irreversible peak is a function of « and kC? according to the following expression:!

E, = Eep+ ot In(—kCY 8
p= Ept+ 4 n(@ e) (8)

while the maximum peak, ¢, is linearly proportional to v and I" according to Eq. 9:

If Fa

- Jr__-

According to Eq. 8, the peak potential determined for the DCVAs was plotted as a
function of In (%) (Figure 7). From the linear fit, « and kC? can be again estimated, assuming

Ecp =-0.78 V at pH 7.0. From the best fit of Eq. 8 to the experimental data in Figure 7, a =
0.9 and kC?2 = 272 s were inferred.
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Figure 7. The linear relation between peak potential and In(1/v). From the linear regression fit of Eq. 8 to the

experimental data (red straight line), the values of kC?2 and a were determined to be 0.9 and 272 s™.

In previous work done in the lab with EISA-TIiO2, the a value was founded to 1,
suggesting a heterogeneous electron transfer reaction that exclusively involves the extended
conduction band states with no contribution from electrons trapped at lower energy states. This
would also mean that, in this case, trapped electrons can only be indirectly involved through
an equilibrated bulk trapping-detrapping mechanism with the extended conduction band
states.? In the case of GLAD-TiO; the a value is lower than 1 (i.e., a = 0.9), which indicates a
somewhat contribution of trapped electrons to the interfacial electron transfer. In another recent
paper of the lab,2 an a value of 0.71 has been found for EISA-SnO; electrode, which is much
lower than at GLAD-TiOz. This suggests that a significantly higher number of surface traps

are involved in the interfacial electron transfer at EISA-SnO; films, contributing thus to an
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enlargement of the irreversible reduction peak in CV or DCVA.2 The small difference between
EISA-TiO, and GLAD-TIO: is difficult to explain and need further investigation. However, it
is interesting to note that the degree of TiO: crystallinity deposited by EISA and GLAD
methods are significantly different (the EISA TiO2 being a crystalline anatase structure while
the GLAD TiO> being totally amorphous) and the immobilized redox active molecules are not
same (iron porphyrin vs. Mn-ph). Table 3 gathers the values of o that were determined by cyclic
voltabsorptommetry at different mesoporous semiconductive electrodes modified with

different redox probes.

Table 3. Diverse experimental conditions and its characteristics of EISA-TiO,, GLAD-TiO,, and EISA-SnO..

Electrodes Ece at pH | redox E%molecute (V) | crystallinity I(nm) | a ref
7.0 (V) molecules
EISA-TIO, | -0.78 FeTMPyP, -0.16, -0.38 | anatase 220 1 !
MP-11
EISA-SnO, | -0.39 FMN, OsP -0.4,+0.6 nanocrystalline | 250 071 |2
GLAD-TIO. | -0.78 Mn-ph -0.42 amorphous 550 0.9 This work

In this section, interfacial electron transfers at Mn-ph/GLAD-ITO and Mn-ph/GLAD-

TiO> electrodes were successfully investigated under Ar condition.

4. Catalytic reduction of Oz at Mn-ph-modified GLAD-ITO and GLAD-TiOz electrodes

In a previous work at the laboratory, the catalytic reduction of O2 by microperoxidase-
11 (MP-11) adsorbed within a GLAD-ITO electrode (MP-11/GLAD-ITO) was investigated by
spectroelectrochemistry.?* In this work, cross-correlation of the simultaneously recorded CV
and CVA under catalytic turnover was shown very useful for characterizing the catalytic
reaction mechanism as well as for determining some of kinetics rate constants. On the basis of
this previous work, it was thus interesting to investigate the catalytic reduction of O2 with
another porphyrin catalyst such as the Mn-ph molecule chemisorbed within not only a GLAD-
ITO electrode, as previously, but also chemisorbed within a GLAD-TiO> electrode which
semiconductive properties are expected to significantly alters the catalytic response compared
with a fully conductive GLAD-ITO electrode.
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4.1. Mn-ph/GLAD-ITO

A typical set of CVs and DCVAs (derivatives of CVAs monitored at 432 nm) recorded
at a Mn-ph/GLAD-ITO electrode under saturated Ar and Oz conditions in a 0.1 M Hepes buffer
solution with 50 mM Na,SOs (pH 7.0) is shown in Figure 8 (scan rate 0.1 V.s™1).
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Figure 8. (Top) CVs and (bottom) DCVAs (432 nm) recorded at a Mn-ph/GLAD-ITO electrode under (black) a
saturated Argon and (red) O, atmosphere. Electrolyte is 0.1 M Hepes buffer solution with 50 mM Na,SO,. v =10.1
V 51, *: enlarged CV graph of a Mn-ph/GLAD-ITO electrode under saturated Argon, showing well-defined

reversible wave centered at E?" = - 0.42 V.

Compared to the very low reversible faradaic wave on the CV under Ar (caracterisitic
of the reversible one electron transfer reaction of the Mn-ph), in the presence of O; a huge
irreversible cathodic wave is observed at -0.45 V, characteristic of a redox-mediated catalytic
current response. Because of the catalytic process, the electron flux flowing through the
electrode is greatly increased, resulting in an amplified current response in CV (centered on
the formal potential of the redox couple Mn"-ph/Mn"-ph, i.e. E? = -0.42 V) compared to that
obtained in the absence of O». In marked contrast to the CVs, a very small change is observed
on the DCVAs, showing a nearly identical symmetric reversible wave centered on the formal
potential of the redox couple Mn'/Mn!, whether there is O, or not. This behavior is
characteristic a fast catalytic reaction that strongly consume O within the diffusion layer at the
electrode interface (so that the local O> concentration within the GLAD-ITO film is close to

zero), allowing thus the accumulation of Mn''-ph during the cathodic scan (leading thus to a
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cathodic peak in DCVA that is not significantly different from the one recorded in the absence
of O2). The rapidity of the catalytic process is also supported by the fact that in CV the catalytic
wave is peak shaped and not plateau shaped, which indicates that the consumption of O2 within
the diffusion layer is fast and so that the catalytic current is rapidly rate-limited by the mass

transport of O from the solution to the electrode interface.

In order to decrease the consumption of Oz and to attempt to reach conditions that are
no more limited by the mass transport of substrate to the electrode but instead by the rate of the
catalytic reaction, CVs and CVAs (monitored at 432 nm) were recorded at different scan rates
v (Figure 9). Indeed, increasing the scan rate allows shortening the time window of the

experiment and thereby reducing the consumption of Oa.
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Figure 9. (A) CVs and (B) CVAs (monitored at 432 nm) simultaneously recorded at a Mn-ph/GLAD-ITO
electrode (the surface concentration of Mn-ph is ~0.16 nmol €m?) in a saturated O, solution of 0.1 M Hepes
buffer and 50 mM Na,SO, and for different scan rates v of: (blue) 0.05 V s2, (red) 0.1 V s7, (black) 0.2 V s,
and (green) 0.5 V s1. (C) Catalytic peak current in CV (after being subtracted from the capacitive current) as a

function of the square root of scan rate. The straight red line is the linear regression fit to the data.

As seen in Figure 9, the catalytic cathodic peak current derived from CVs (i.e.,
subtracted from the GLAD-ITO capacitive contribution) is increased proportionally to the
square root of v. This clearly demonstrates that the catalytic reduction of O is rate-limited by
diffusion of Oz in solution and never limited by the reaction of O, with Mn'-ph. From the linear
relationship of the catalytic cathodic peak current as a function of /v, it is thus only possible

to recover information from the mass transport rate of O,. Assuming we are under the limiting
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case of total catalysis (vide infra) and that the heterogeneous electron transfer between Mn-ph
and ITO is fast (i.e., Nernstian behavior), we can use the following theoretical Eg. 10 to fit the

data;?®

nFvDy,
RT

i, = 0.496 nFAC,, (10)

where n is the number of electron involved in the redox process, F the Faraday constant, A the
geometric surface area of ITO film, v the scan rate, T the temperature, Co, the O
concentration in solution, R = 8.314 J K™ mol?, and D,, the diffusion coefficient of O in
solution (cm s). According to the literature,?® the number of electron involved in the catalytic
reduction of O, by Mn-ph is assumed to be 2. Knowing that the concentration of molecular
oxygen is 1.4 mM in an aqueous solution at 1 atm,?! the diffusion coefficient of O, could thus

be estimated from the linear regression fit in Figure 9C. A value of Dy, = 9.6 <10° cm? s is

obtained, which is not so far from the value reported in literature (i.e., ~2 x10° cm? st at
25<C).2%" |t is worth to note that we have not considered here a possible favorable partitioning
of Oz from the solution into the mesoporous ITO film, an effect that was previously taken into
account in the former study with MP-11-modified GLAD-ITO electrode.?* Also, in contrast to
the previous study with MP-11,2* no hysteresis effect was observed between the forward and
backward scans on the CVAs (leading to a near identical shape of the CVAs in the presence of
O2 than in its absence, at least within the range of scan rate explored here). This lack of
hysteresis clearly indicates no delay in the accumulation of Mn'-ph, even at the highest scan
rate of 0.5 V s, a behavior that clearly results from the too fast catalytic reaction between O
and Mn'-ph which thus induces a systematic strong depletion of Oz concentration at the
electrode interface and so a process always rate-limited by the mass transport of O, impeding

thus finally an access to the intrinsic kinetics of the reaction.

In an attempt to slow-down the consumption rate of Oz within the mesoporous film and
thus to be more rate-controlled by the catalytic reaction rather than by the O, mass transport,
the surface concentration of the Mn-ph catalyst was decreased from 0.2 to 0.1 nmol €m™. The
resulting CVs in Figure 10 show an only ~20 % decrease of the catalytic peak current while
I'vinph is 2-fold decreased, suggesting that consumption of O2 continue to rate-limiting process
despite a lower catalyst surface coverage. Further decreasing the surface concentration of Mn-

ph is thus required if one want to reach conditions where the mass transport is definitely no
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more rate limiting. It is nevertheless interesting to note that the catalytic current recorded at the
lowest Mn-ph surface concentration is significantly less peak shaped with a tendency to reach

a more steady-state catalytic current response than at higher catalyst coverage.
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Figure 10. (A) CVs and (B) Mn-ph surface concentration derived from CVAs monitored at 432 nm at Mn-
ph/GLAD-ITO electrode. Electrolyte is O, saturated 100 mM Hepes buffer solution with 50 mM Na;SO4. v=0.1
Vst

The catalytic behavior we observed here at Mn-ph/GLAD-ITO is clearly faster than the
one that was previously investigated at MP-11/GLAD-ITO.?* This can be attributed to the more
negative formal potential of Mn-ph (E” = -0.42 V) compared to MP-11 (E’ = -0.36 V),*
leading thus to more favorable driving force for O reduction that thus enhances the rate of the

catalytic reaction.

All of these results agree with the reaction scheme depicted in Scheme 3 where the
heterogeneous electron transfer reaction between the Mn™-ph/Mn"-ph couple is reversible and
fast and the catalytic reduction of O by the immobilized Mn-ph is efficient and fast, so fast
that it is always, under our experimental conditions, rate-limited by the mass transport of O in

solution.
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Scheme 3. Schematic representation of the reaction of Mn-ph immobilized within GLAD-ITO under either

argon or O, conditions.

4.2. Mn-ph/GLAD-TiO2

As for Mn-ph/GLAD-ITO electrodes, Mn-ph/GLAD-TIiO; electrodes were similarly
investigated by CVs and CVAs in a deaerated or saturated Oz aqueous buffer solution (pH 7.0).
In CVA, in addition to the monitoring of the Mn'""-ph Soret band at 432 nm, the absorbance of

electrons injected into the TiO> was followed at 780 nm.

A typical set of CV and CVA experiments are shown in Figure 11 either at unmodified

or Mn-ph-modified GLAD-TiO: electrode, and also in the presence or absence of Oa.

At the Mn-ph-free GLAD-TIO: electrode, the direct reduction of O at TiO; is slow,
leading in CV to an ill-defined broad cathodic wave at E < -0.6 V when the metal oxide film is
becoming increasingly conductive. Under same conditions, the CVA monitored at 780 nm
show an identical absorbance change either there is O or not in solution, showing that the
amount of accumulated electrons in the bulk TiO2 remains unaffected by the reduction of O>

at the TiO- interface.

55



0.0 7 — -

-5.0x10° .

# (mol cm? s™)

-1.0x10°® T T T T T T T T T T T T T T
0.04 1 1

AAbs,
o
=
1
1

0004 % \ o
T T T T T T T T T T T T T T

0.8 0.6 0.4 0.2 0.2
E (V) vs. Ag/AgCI N
\ 01 8
<
<

0.0

-0.8 I -OI.6 I -o|.4 I -0.2
E (V) vs. Ag/AgCI

Figure 11. (top) CVs, (middle) CVAs (monitored at 780 nm), and (bottom) CVAs (monitored at 432 nm)
simultaneously recorded at a (left) GLAD-TiO, and (right) Mn-ph/GLAD-TIiO- electrode. All grey and black
curves were obtained under deaerated conditions, while all red and blue curves were obtained under saturated O,

conditions. The electrolyte was a 0.1 M Hepes buffer solution with 50 mM Na,SO,. v =10 mV s™.

In the presence of Mn-ph within the GLAD-TiO2 and O in solution, the CV shows a
strong and sharp irreversible cathodic peak at -0.69 V, much more intense than in the absence
of Mn-ph, characteristic of a redox-mediated catalytic reduction of O, with strong consumption
of the substrate (blue CV in Figure 11), while in the absence of O, the CV shows, as previously,
amuch smaller irreversible peak (located at -0.60 V) characteristic of the irreversible reduction

of Mn!-ph at TiO> (black CV in Figure 11).

Compared to the results above obtained at GLAD-ITO, it is interesting to note that the
peak current for the catalytic reduction of Oz at Mn-ph/GLAD-TiO is localized at a potential
much more negative (i.e., -0.69 V at 0.01 V s1) than at Mn-ph/GLAD-ITO (i.e., -0.45 V at

0.05 V s, see section 4.1). This well-illustrates the contrasting behavior that arises from the
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semiconductive properties of TiO.. With TiOo, the catalytic current can only start to rise when
the semiconductive material is switched sufficiently conductive. It can thus only happen when
the applied potential is sufficiently negative (i.e., at E <-0.5 V which is more negative than the

formal reduction potential of Mn-ph).

As discussed in section 3.2, the absorbance change at 432 nm represents the appearance
of Mn!-ph by reduction of Mn"-ph at Mn-ph/GLAD-TiO2. As shown on the CVA monitored
at 432 nm in Figure 11, this reduction is irreversible in the absence of O, but in the presence
of Oy, it becomes fully reversible. This is explained by the fast recovery of Mn'"-ph into Mn'-
ph through the catalytic re-oxidation by O.. One could also notice that, during the forward
cathodic scan, the rise of absorbance at 432 nm occurs at a more negative potential than in
absence of O, a potential that nearly coincide to the maximum of the catalytic peak current in
CV. This delay in the rise of absorbance results from the need to nearly fully consumed O at
the electrode interface before Mn'-ph starts to accumulate within the film.

Concerning the CVAs recorded at 780 nm, a surprising small shift of the onset
absorbance change at negative potentials (~ 110 mV) is observed for the Mn-ph/GLAD-TiO>
electrode under saturated O». This behavior suggests that the accumulation of electrons in bulk
TiOz is delayed. This might be possibly due to the fact that as soon as electrons are injected
into the bulk of TiO2 most of them are nearly instantaneously consumed by the catalytic
reduction of O, therefore delaying their accumulation into the semiconductive material. This
would also suggest that the apparent rate of mass transport of electrons across the

nanostructured TiOz film is not so fast and may be rate-limiting.

Additionally, a series of CVs and CVAs were recorded at various scan rates up to 0.1
V st in the presence of saturated O in solution (Figure 12).
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Figure 12. (A) CVs and (B) CVAs monitored at a Mn-ph/GLAD-TiO- electrode in a saturated O solution with
scan rate of (blue) 5 mV s?, (red) 10 mV s, (black) 50 mV s*and (green) 100 mV s. Electrolyte is 100 mM
Hepes buffer solution with 50 mM NazSOa.

The resulting CVs show a catalytic cathodic peak current that increase as a function of
the square root of the scan rate, suggesting a catalytic response governed by the diffusion rate
of Oz to the electrode interface whatever the scan rate (a behavior that is similar to the one we
have observed at Mn-ph-modified GLAD-ITO electrode). The catalytic peak potentials were
also downshifted with the increase of scan rate, a behavior that is corroborated by the negative
shift of the onset absorbance change at 432 nm on the CVAs. Upon increasing the scan rate, an
increasing hysteresis between the forward and backward scan is also observed on CVAs, a

behavior which translates on the DCVAs in an increased separation between the anodic and

cathodic peak potentials (Figure 13).
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Figure 13. DCVAs (monitored at 432 nm) of Mn-ph/GLAD-TiO, under (blue) saturated O, condition and (black)
deaerated condition at 5, 10, 50, and 100 mV s%, In the absence of O (black curves), the value of I'vin-pn €stimated
from maximal amplitude of absorbance change in CVAs was observed to slightly decrease upon successively
recording the experiments from fast to slow scan rate, resulting thus in the following surface coverages (bottom
to top): 0.61, 0.53, 0.41, and 0.37 nmol €m. This decrease of I'vn-pn is attributed to the slow desorption of Mn-
ph from the porous film, as it was previously discussed. In contrast, under O, the value of I'wnph Was observed to

remain more stable, leading to a nearly constant value of 0.51 nmol €m-2 whatever the scan rate.

For comparative purpose, the DCVAs recorded in the absence of O are also reported
in Figure 13. As previously observed and discussed, the cathodic peak corresponding to the
reductive accumulation of Mn" under Oy is shifted at a more negative potential than under Ar
because of the delay required to fully catalytically deplete O at the electrode interface before
Mn'! starts to rise. This is here observed whatever the scan rate, which suggests that even for

the highest scan rate (i.e., 0.1 V s2) the catalytic reaction cannot be kinetically limiting.

All of the above results allowed us to propose the reaction scheme depicted in Scheme
4, in which the reduction of Mn"-ph at GLAD-TiO, proceeds through an irreversible electron

transfer reaction at a potential more negative than the formal redox potential of Mn'-ph/Mn!!-
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ph because of the semiconductive properties of TiO2. On account of the high driving force
between the redox potential of Mn™-ph/Mn-ph (E? = -0.42 V at pH 7.0) and the conduction
band potential of TiO> (Ecs = -0.78 V at pH 7.0), this heterogeneous electron transfer reaction
is fast. In the presence of Oy, the re-oxidation of Mn-ph is rapidly achieved chemically through

a fast catalytic reduction of O into probably H2Ox.

_____________________________

+0,
(limited by mass transport
of O, in solution)

4 A
Product
(H202, H20, efc)

Scheme 4. Schematic representation of electron transfer of Mn-ph within GLAD-TiO, under argon or Ox.

5. Conclusion

In this chapter, we have successfully investigated by spectroelectrochemistry the
interfacial electron transfer and catalytic activity of a small redox-active dye (Mn-ph)
chemisorbed within a transparent mesoporous electrode made of a conductive or a

semiconductive mesoporous metal oxide material (i.e., GLAD-1TO and semiconductive TiO>).

The comparative study of CVAs and DCVAs recorded at both Mn-ph/GLAD-ITO or
Mn-ph/GLAD-TIO2 has allowed us to better highlight the main differences taking place
between the conductive and semiconductive material. In contrast to Mn-ph/GLAD-ITO, an
irreversible interfacial electron transfer process located at a cathodic potential significantly
lower than the formal potential of Mn'-ph/Mn"-ph was observed at Mn-ph/GLAD-TiO>, a
behavior that is consistent with that previously found in the lab for other redox-active
compound whose formal potentials lies within the potential window where the semiconductor
material behaves insulating.! From the shape and position of this irreversible peak, it was
possible to recover the interfacial electron transfer rate as well as the extent of surface localized
states involved in the heterogeneous electron transfer reaction. From the value of a = 0.9 we
have obtained, we were able to conclude that the contribution of localized states into the

interfacial electron transfer between Mn'!-ph and GLAD-TiO; is low, finally being close to the
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value of 1 that was previously found at EISA-TiO; using MP-11 as a redox-active
chromophore.!

The redox-mediated catalytic reduction of O2 at a Mn-ph/GLAD-TIO: electrode was
also shown to behave completely different to that at a Mn-ph/GLAD-ITO. The contrasted
behavior is again due to the semiconductive properties of TiO,, which prevents the catalytic
reaction to take place until TiO2 is becoming enough conductive, delaying thus the reaction at
more cathodic potential. It is thus only when the applied cathodic potential has reached a value
close to the conduction band of TiO. that suddenly the fast catalytic reduction of Oz occurs.
On account of the rate of the catalytic reaction that is fast, it was not possible to have an access
to some details on the mechanism of the reaction, the CVs or CVAs being always rate-limited

by the mass transport of O in solution.
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1. Introduction

Indium-tin oxide (ITO) is one of the wide band gap metal oxides combining interesting
characteristics of both high electronic conductivity and good transmission in the visible region.
As degenerate n-type semiconductors,! nanostructured films of ITO can be used either as
photoanodes or photocathodes, depending on the type of dye-sensitizers or light excitation.!®

One of the crucial issues for efficient and stable dye-sensitized photoelectrodes is the
degree of electronic coupling and stability with which the molecular sensitizer is chemically
anchored onto the metal oxide surface. Indeed, it has to be strong enough to withstand the
hydrolytic conditions generally required for sustainable and eco-friendly devices,” and at the
same time, it must lead to an efficient electronic coupling between the dye and the metal oxide

to allow fast interfacial electron transfer reactions.

The most commonly used method for dye sensitization of metal oxide surfaces is by
chemisorption of carboxylate or phosphonate anchoring groups present on the dye molecule.®
This chemical surface functionalization strategy has been notably used for the sensitization of
metal oxide surfaces with a wide range of porphyrins, which are attractive for their
advantageous light harvesting properties and also for their easily adjustable
photophysicochemical properties through the introduction of appropriate metal ions and
substituents.>® The resulting porphyrin-modified electrodes however suffer from poor stability
due to a progressive loss of dye from the surface by hydrolytic cleavage of the anchoring bond,
especially under basic aqueous conditions.®

Therefore, there is a need to develop alternative surface functionalization methods in
order to obtain more stable dye-modified mesoporous metal oxide surfaces with high coverage,
and with easy to implement techniques. One method that can potentially meet these criteria is
the electrochemical functionalization of conductive surfaces through the reduction of aryl
diazonium salts. With this methodology, electrochemically-generated aryl radicals form
covalent bonds with the electrode surface, and fairly good control over the quantity of grafted
molecules can be obtained via adjustment of the applied potential, appropriate selection of the
grafting time and variation of the diazonium salt concentration in solution.'® This strategy has
been widely used for the covalent modification of planar electrodes of different conductive

materials,'! including metal oxide surfaces such as ITO,'>*8 but it has never been explored for
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the modification of 3D transparent mesoporous metal oxide films and in particular 3D
mesoporous films of ITO.

The purpose of the present work is to fill this gap by investigating the electrochemical
grafting of high surface area nanostructured ITO electrodes by an in-situ generated meso-triaryl
free-base porphyrin diazonium salt [H2(PDTP)-N2"], a surface functionalization strategy that
was previously validated at standard planar electrodes.!’” As a redox-active chromophore, the
grafted porphyrin has the merit of allowing quantitative analysis of the modified 3D electrodes
not only by electrochemistry but also using various complementary spectroscopic techniques.
The nanostructured 1TO electrodes used in the present study were prepared by glancing angle
deposition (GLAD), a one-step vapor deposition method allowing well-defined and
reproducible fabrication of mesoporous ITO films. 500 nm-thick nanocolumnar GLAD-ITO
films were deposited on flat conductive ITO substrates (Figure 1), with the open porosity
beneficial for fast diffusion of chemical species throughout the void volume of the film 192
The films are characterized by a porosity of 47 % and an electroactive surface area

enhancement of 35 (see Experimental Section).

2. Electrografting of diazonium salt on planar ITO and GLAD-ITO electrodes

The surface functionalization by electrochemical grafting of diazonium salt on planar
ITO and GLAD-ITO electrodes was achieved by multiple reductive cyclic voltammetry (CV)
scans of the free-base porphyrin diazonium salt (generated in situ beforehand by addition of
NaNO: and trifluoroacetic acid to 1 mM Hx(PDTP)-NH>, see Experimental part for detail) in
acetonitrile solution without or with forced convection (Figure 1).17

In the absence of forced convection, reductive cycling results in non-uniformly
modified GLAD-ITO electrodes as clearly evidenced in Figure 2 (electrode B). This was
attributed to a mass transport limitation of the diazonium salt into the porous film. The huge
surface area of the GLAD electrode and relatively low diazonium salt concentration (~1 mM)
is expected to lead to a strong concentration polarization at the electrode interface during the
electrochemical grafting. To better regulate the mass transport both in solution and within the
porous electrode, the electrografting was performed under a moderate flow of argon bubbles

near the working electrode surface. Under this forced convection, the Ho(PDTP)-modified
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electrodes are darker and much more uniform (Figure 2, electrodes C and D), characteristic of

an improved grafting homogeneity.

Forced convection
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Figure 1. (—) 1%, (—) 2% and (—) 10" cyclic voltammograms recorded during the electrografting of H,(PDTP-
N2*) (~1 mM of the in-situ generated diazonium salt in 0.1 M TBAPF¢/ACN solution) at (A,B) planar and (C)
GLAD-ITO electrodes (v=50 mV-s?, T=20<). In B and C, the solution was stirred during electrografting by

continuously bubbling argon.
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Figure 2. In-situ generation of the free-base meso-triaryl porphyrin diazonium ion followed by its electrochemical
reduction at 500-nm-thick nanostructured GLAD-ITO electrodes (side-view of the GLAD electrode obtained by

SEM). Electrodes A and B were obtained without forced convection in solution after 1 or 10 CV electrodeposition

cycles, respectively. Electrodes C and D were obtained with forced convection in solution after 10 and 30 CV

electrodeposition cycles, respectively.
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3. Spectroscopic characterization of the modified electrodes
3.1. Spectroelectrochemistry

Detailed set-up is reported in experimental section. Briefly, UV-visible absorption
spectroscopy was performed on a TORUS UV-visible spectrophotometer (Ocean Optics) with
optical fibers and a balanced deuterium tungsten source (Micropack) in a thermostated cell
(25 <C). The ITO electrode was inserted in a classical 1-cm cuvette filled with solution, and
detection was performed in transmittance. Electrochemical experiments were carried out with
an Autolab potentiostat (PGSTAT-12) linked to GPES software.

3.1.1. UV-visible absorbance spectra

The resulting modified 3D GLAD-ITO electrodes (and controls) were characterized by
UV-visible absorption spectroscopy in acetonitrile (Figure 3). All modified electrodes share
common spectroscopic features, showing a large and intense Soret band centered at 420 nm,
analogous to that obtained for Ho(PDTP)-NH- in homogenous solution, and a shoulder at 405
nm that might arise from H-aggregates. In contrast, the free-base porphyrin Q bands pattern
(500—750 nm) is strongly affected by the grafting, suggesting modification of the porphyrin
symmetry.?! It is indeed striking to note that the UV-visible spectrum of the grafted porphyrin
is strongly analogous to that of fully symmetrical tetraphenylporphyrins either in solution or
once grafted on surfaces,>?2 which raises questions about the nature of the meso substituents

of porphyrin once grafted (vide infra).

Additionally, the metalation of H2(PDTP)-modified GLAD-ITO was further
investigated by soaking the modified electrode in a saturated zinc acetate solution (see
experimental part). Metalation of the grafted porphyrins is confirmed by the typical
bathochromic shift of the Soret band from 420 to 426 nm as well as Q band pattern change
from four Q bands positioned at 521, 555, 595, 654 nm to two Q bands at 562, 602 nm.
Interestingly, metalation was successfully performed upon moderate heating of the electrode
(50 < for 15 minutes) without significant loss of the grafted porphyrin which confirms the

particularly good stability of the modified electrode (see below).
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Figure 3. UV-visible spectra recorded for (black) Ho(PDTP)-NH; in solution and Hz(PDTP)-GLAD-ITO (red)
prior to and (blue) after metallization by Zn?*. The spectra of Ho(PDTP)-NH; was recorded in acetonitrile. All

UV-visible absorption spectra are subtracted from GLAD-ITO contribution.

3.1.2. Extinction coefficient estimation

In order to soundly estimate the extinction coefficient of the grafted porphyrin,
H2(PDTP)-modified GLAD-ITO electrodes prepared from 30 electrodeposition cycles were
further characterized by spectroelectrochemistry in acetonitrile by monitoring the absorbance
change of the grafted film during a reductive CV scan down to -1.5 V vs. Ag/AgClI (Figure 4).
A reversible cathodic wave is clearly visible at -1.24 V and attributed to the one-electron
reduction of the porphyrin core into a porphyrin radical anion. This redox process is
accompanied by strong extinction of the Soret until it completely vanishes at the slowest scan
rates. This behavior is in agreement with that previously reported for porphyrin radical
anions.?*2* Redox process is also reasonably chemically reversible as revealed by the nearly
complete recovery of the Soret band intensity upon scanning back to the initial anodic potential.

It is however worth noting that on account of the intrinsically poor stability of the porphyrin
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radical anion (especially in the presence of trace water), on the time scale of the CV experiment
a small fraction is converted to an unknown compound that oxidizes at -0.4 V during the
backward scan.?® The fact that all grafted porphyrins can be electrochemically reduced
demonstrates that they are all electrically wired to the underlying conductive ITO surface, even
those that are somewhat remote from the surface due to the oligomerisation process (see below).
The reduction rate of the grafted porphyrin however remains slow as attested by the rapid
lowering of the fraction of reduced porphyrin by increasing scan rates. Only 75 % of the grafted
porphyrins are reduced at 100 mV s comparing to 100 % at 10 mV s*. Such an observation

is consistent with a multimeric porphyrin film leading to slow, long-range electron transport.

Finally, by correlating the integrated charge recovered from the cathodic peak in CV
with the intensity decrease of the Soret band absorbance, it becomes possible to properly
estimate the € value of the Soret band for the grafted free-base porphyrin on GLAD-ITO. From
the integration of the CV cathodic peak recorded at 100 mV-s? (right graph, integration
corresponds to the dashed area obtained after subtraction of the capacitive current contribution),
the amount of reduced porphyrin was estimated as being 6 nmol-cm?. According to the
corresponding Soret band decrease on the left graph (passage from the grey plot to the black
one), it is assumed to correspond to ~75 % reduction of the grafted porphyrin (total
disappearance of the Soret band can be achieved at slower scan rates, see for instance the
spectra recorded at 10 mV-s™, or by applying a constant cathodic potential of -1.5 V for a few
seconds). This result finally allows us to calculate an epsilon value of ca. 175 000 M*.cm™ for

the non-reduced porphyrin at 420 nm.
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Figure 4. (Left) UV-visible absorbance spectra recorded at a Ho(PDTP)-functionalized GLAD-ITO electrode
(obtained from 30 electrografting cycles) during the time course of a CV scan (in 0.1 M TBAPFg in ACN). The
spectra were recorded at (grey and dark yellow) 0 V (corresponding both to the starting and final applied potential
in CV, respectively), and -1.5 V for different scan rates: (black) 100, (blue) 20 and (red) 10 mV-s. All spectra
are corrected from the bare GLAD-ITO absorbance, and especially in the red spectra some residual contribution
from light diffraction at the mesoporous film is visible and responsible for the large bands detected. (Right)
Corresponding CV recorded at 100 mV-s (in 0.1M TBAPFg in ACN) showing a fairly good reversibility of the

one-electron reduction process centered at E©=-1.17 V.

3.1.3. Surface concentration of grafted porphyrin

Quantification of the amount of grafted porphyrins is simply achieved from the
magnitude of the Soret band absorbance assuming an extinction coefficient of €420 = 175 000
M™cm™? inferred from spectroelecrochemistry (see section 3.1.2). The surface coverage of
grafted porphyrins exhibits a strong dependence over the number of CV electrodeposition
cycles until it reaches a maximal value after ca. 30 electrodeposition cycles (Figure 5).
Maximal surface concentration 7" ™ of 1.2 +0.3 and 9.9 #1.5 nmol €m were obtained at
planar and GLAD-ITO electrodes, respectively, after normalized to the geometric electrode
area. The low relative standard deviation on "™ (i.e., 15 % from 10 independent experiments)
at GLAD-ITO electrodes attests to high uniformity of the nanostructured GLAD-ITO
electrodes as well as good control over the electrodeposition process. The much larger surface
concentration obtained with GLAD-ITO electrodes is also consistent with the higher specific

surface area of these electrodes as compared with planar ITO. The I" ™ value at planar ITO
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electrodes is ~ 4 times larger than that theoretically expected for a closed-packed monolayer of
porphyrin (a theoretical value of I" % = 0.3 nmol €m™ can be calculated for a stacked-
monolayer of porphyrins oriented perpendicular to a flat solid surface).?® This result suggests
the formation of porphyrin multilayers via coupling reactions between electrochemically-
generated radical porphyrins and surface-grafted porphyrins, a behavior commonly
encountered with electrodeposition of diazonium salts.!* The growth of multilayers is however
rapidly self-limited by the very poor conductivity of the oligomeric film on the surface which

will be discussed on next section.
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Figure 5. Porphyrin surface coverage deduced from the Soret band absorbance as a function of the number of
electrodeposition cycles on (®) 2D- and (®) 3D-GLAD ITO electrodes. The standard deviation was calculated

from at least 3 independent electrodes.

3.1.4. Passivation effect of electron transfer

The electron transfer blocking properties of the dense multilayer films generated at
planar ITO electrodes were indirectly confirmed in CV by the strong decrease in the magnitude
of the reversible faradaic current response of the soluble redox probe [Fe(CN)s]* (Figure 6,
Left) and by the change in the shape of the reversible wave to a more S-shaped steady-state

voltammogram rather than a semi-infinite linear diffusion voltammogram.

Such behavior is characteristic of an imperfect insulating layer of blocking electron
transfer on the electrode surface which indicates partial conductive pinholes of uncovered ITO
through the grafted film. This can then be described as a randomly distributed array of
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independent microelectrodes wherein the mass transport of the soluble redox probe occurs by
hemispherical diffusion.?’

In contrast to that of planar ITO electrodes, CVs recorded at GLAD-ITO electrodes in
the presence of the [Fe(CN)s]* (Figure 6, right) shows a less passivation effect of electron
transfer through the grafted porphyrin layer. This is supported by the fact that the faradaic
current response is less diminished and the reduction wave remains quite reversible compared
to planar ITO electrode. Such behavior also indicates that a large fraction of ITO remains
uncovered and that the resulting randomly distributed conducting sites act as an array of
microelectrodes wherein diffusion layers from individual sites overlap and merge.?” Another
outcome to consider (that certainly occurs there) is a change in the redox probe partitioning to
the mesoporous GLAD-ITO film once the surface is chemically modified. This should
contribute to decrease the faradaic current response. These statements are consistent with the
porphyrin surface coverage determined at GLAD-ITO film by UV-visible. Dividing the
maximal surface concentration (9.9 nmol per cm? of geometric electrode area) by the surface
enhancement (35 for a 500 nm thick GLAD-ITO film) leads to a coverage value of 0.28 £0.04
nmol €m2. This is comparable to the theoretical coverage calculated for a saturated monolayer
(i.e., 0.3 nmol €m), but much less than that obtained at planar ITO electrodes (see above).
These overall observations finally indicate formation of a less compact porphyrin layer at
GLAD-ITO, wherein the layer arrangement is much closer to a loosely packed layer of
porphyrin oligomers than a close-packed monolayer. This also means that the GLAD-ITO film
nanostructure and mesoporosity has a non-negligible impact on the homogeneity of the grafted
layer. This may be due to the difficulty of accessing in the same way the entire porosity of the
film. It can also be the consequence of different concentration gradients that develop across the

high surface GLAD-ITO film during electrochemical grafting.
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Figure 6. Cyclic voltammograms of a 1 mM KsFe(CN)s aqueous solution (50 mM Hepes, 0.3 M KCI, pH 7)
recorded on (Left) planar ITO and (Right) nanostructured GLAD-ITO in the absence (solid line) and presence of
grafted porphyrins (dashed line, 30 electrodeposition cycles). v=10.1V-s?, T= 20<C.

It is worth to note that the Faradaic current responses of the redox probe Fe(CN)g> at
the porous GLAD-ITO electrode is not proportional to the real electrode area. This result can
be predicted by the fact that at the CV scan rate used in this experiment, the diffusion layer has
a thickness of several micrometers. Such a value is significantly larger than the 0.5 pm film
thickness of the mesoporous GLAD-ITO film. Therefore, on the scale of the diffusion layer,
the GLAD-ITO electrode appears as flat electrode and the area of the diffusion field is probably
not far from the geometric electrode area. That the faradaic currents are finally higher by a
factor 5-6 at the GLAD-ITO electrode than at the planar ITO electrode can be explained by a
favorable partitioning of the soluble redox active compound to the mesoporous GLAD-ITO
film, therefore locally increasing the concentration of the redox actives molecules and thus the

current response.

3.1.5. Time-dependent stability in ACN and aqueous solutions

The long term time-dependent stability of the H>(PDTP)-functionalized GLAD-ITO
electrodes, particularly regarding desorption and/or hydrolysis from the surface, was
investigated under various experimental conditions. As reported in Figure 7, the modified
electrodes are very stable in organic as well as neutral aqueous solutions, showing less than

30 % decrease of surface coverage after 2 weeks and ca. 50 % decrease after 7 weeks (data not
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shown). These observations strongly suggest that porphyrins are chemically anchored to the
ITO surface through the formation of stable covalent bonds (formed either at the ITO surface
or within the porphyrin oligomers). The stability of the modified electrode is however
dependent on the pH, tending toward much less stability under extreme pH conditions, i.e. pH
2 and 12. Such a pH effect might be indicative of a metal-O-carbon bond sensitive to acid/base
catalysed hydrolysis and that is assumed to be formed from the coupling reaction between the
electrochemically generated porphyrin radical and the oxygen atoms present at the ITO
interface. One should however note that the desorption/hydrolysis here occurs at a much slower
rate than in the case of redox-active molecules chemisorbed on ITO electrode surfaces through
phosphonate or phosphate anchoring groups (we previously reported a 30 % surface coverage
decrease within 7 days at pH 7 for a chemisorbed flavin mononucleotide, as well as an

immediate massive desorption at pH > 9).%
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Figure 7. Evolution of the surface coverage with time upon soaking Ho(PDTP)-GLAD-ITO electrodes (obtained

after 30 electrodeposition cycles) in (®) acetonitrile and aqueous solutions at pH (®) 2, (®)7, and (®) 12.

3.2. resonance Raman (rR) spectroscopy

In order to get deeper insights into the chemical structure of the grafted porphyrin, the
modified electrodes were characterized by resonance Raman (rR) spectroscopy and the spectra
then compared to that obtained for H2(PDTP)-NH2 in homogeneous solution (Figure 8). The
IR spectra are dominated by the vibronic modes of the porphyrin and show almost no difference
between the initial and grafted porphyrin, except for the v(cmeso-cphenyry Vibrational mode (v1)
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linked to the phenyl meso-substituents (see Table 1 for band assignment). A unique vibrational
mode is indeed observed at 1237 cm for the grafted porphyrin while this mode is split into
two separate components (at 1228 and 1250 cm™) for the H2(PDTP)-NH2 compound (which is
expected for an asymmetric triphenylporphyrin).?=° This particularity in the rR spectrum of
the grafted porphyrin combined with the Q-bands shape in the UV-visible absorption spectrum
(see section 3.1.1) strongly supports the assumption that highly symmetric porphyrins
dominate in the grafted layers. We can thus assume that porphyrin oligomers are formed by
direct reactions between the electrogenerated porphyrin radicals and surface grafted porphyrins.
It has to be mentioned here that the meso phenyl substituent (located anti to the diazonium
functionality) is assumed to be much more prone to chemical coupling with the
electrochemically-generated Hx(PDTP)« radical via its para position than the meso tolyl
substituents, leading predominantly to grafting of linear chains of porphyrin oligomers on the

ITO surface.

Full metalation of the grafted porphyrin upon soaking in a saturated zinc acetate
solution is further confirmed by rR, with complete disappearance of several vibrational modes
characteristic of the free base porphyrins (notably at 964, 1292 and 1237 cm™). Moreover, the
IR spectra of Zn(PDTP)-modified GLAD-ITO exhibits specific vibrational modes such as the

intense v4 mode at 1355 cm™.
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Figure 8. resonance Raman spectra (lexc = 405 nm) recorded for (black) H2(PDTP)-NH; in solution and Hz(PDTP)-
GLAD-ITO (red) prior to and (blue) after metallization by Zn?*. The spectra of Ho(PDTP)-NH, was recorded in
acetonitrile and the rR spectrum was subtracted from contributions of acetonitrile (remaining contributions are
highlighted by *).

Table 1. Resonance Raman peak assignment. Frequencies are given in cm™. Band assignment was realized

according to the literature.3%-33

H,(PDTP)-NH, H,(PDTP)-GLAD-ITO | Zn(PDTP)-GLAD-ITO*

8(pyr) + vy 1604 1604 1604

Vepcp (V) 1549 1549 1549

Veacs 1436 1436 1453

Vean (Vo) 1361 1361 1355

8(pyr) 1292 1292

1250

Veaoon (Vi) 1237 1237
1228

Scp 1072 1072 1072

Phenyl 1000 1000 1000

* only A1y modes are expected to be active in Raman which is expected for a D, metallated porphyrin.
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3.3. X-ray photoelectron spectroscopy (XPS)

To get more information on the chemical bonds formed at the ITO interface, planar
modified ITO electrodes were investigated by XPS. After electrografting, the presence of the
porphyrinic film on the ITO substrate is attested by the appearance of a signal specific to Nas
(absent in the bare ITO), as well as a large increase of the signal relative to Cis and a large
decrease in the intensity of the Insq signal (Figure 9). Both the N/In and C/In ratios (see Table
2) are larger for planar ITO electrodes as compared to GLAD ITO electrodes, which further
confirm that the grafted porphyrin layer is denser at planar electrodes. Aside from the decreased
intensity, the In and Sn peaks remain unaffected by the grafting (data not shown), which
indicates that the metal sites are not directly involved in the chemical bond formed between
the metal oxide interface and the grafted porphyrin. These observations are in line with

previous data obtained at ITO.?
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Figure 9. (Left) XPS survey spectra obtained at planar ITO electrodes (top, black) prior to cyclic voltammetry,
(bottom, red) after electrografting and (middle, green) after cyclic voltammetric experiments identical to that for
electrografting but in the absence of Hy(PDTP)-NH. in solution. (Right) Corresponding O(1s) spectra with

individual components (see Table 2).
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Table 2. XPS binding energy (in eV) and atomic composition obtained for the survey spectra recorded at planar
and GLAD ITO electrodes. The ITO and GLAD-ITO columns correspond to the data collected at the as received
planar and GLAD ITO electrodes respectively, while ITO-CV corresponds to the data collected at a planar ITO
electrode after the electrode has been scanned by CV for 30 cycles in the H,PDTP-NH,-free electrografting
electrolyte solution. The H,PDTP-ITO and H,PDTP-GLAD-ITO columns correspond to the data collected at
planar and GLAD ITO electrodes after they were scanned by CV for 30 cycles in the electrografting electrolyte
solution containing 1 mM of the diazonium salt of H,PDTP-NH,. The relative atomic composition of the C(1s),

N(1s) and O(1s) contribution were averaged from at least three different independent measurements.

H,(PDTP)-
ITO ITO-CV H,(PDTP)-ITO GLAD-ITO
GLAD-ITO
C(1s) 285.3(23.6%) | 283.3(26.8%) 284.9 (71 %) 285.2 (36 %) 285.1 (61.3 %)
400.1 (2.3 %) 400.4 (3%)
N(1s)* 400.3 (< 1%) 400.5 (1.2 %) 400.1 (1%)
398.9 (3%) 398.9 (3 %)
In(3d) 444.7 (27.7%) | 444.7(23.2%) | 444.7(6.8%) 444.7 (21 %) 444.7 (9.3 %)
Sn(3d) 486.7 (4.1 %) 486.8 (3.7 %) 486.7 (1%) 486.8 (2 %) 486.9 (0.9 %)
0(1s) 530.3 (43.8 %) 530.7 (45%) | 532eV (15.2%) | 530.5(36.6%) | 531eV(21%)
Sn(3d)/In(3d) 0.15 0.16 0.15 0.10 0.10
C(1s)/In(3d) 1.240.3 1.240.2 12.1+23 1.740.3 6.6+1.2
N(1s)/In(3d) - 0.05 + 0.02 0.78 +0.05 1.7+0.02 0.65 + 0.05
0(1s)/In(3d) 1.7+0.1 2.0+02 2.6+0.3 1.740.3 2.3+03

*The Nys signal exhibits two main components as expected for free base porphyrins.3*

We thus focused on the O1s peak as metal-O-carbon bonds are expected to be present
at ca. 533 eV.835-37 OQur analysis evidences first that the relative amount of oxygen atoms
detected at the surface (i.e., the O/In ratio, Table 2) increases upon electrochemical grafting,

despite the fact that the grafted porphyrin is free of oxygen atoms.

Second, we notice that the shape of the Ois peak is strongly modified upon
electrografting, with an increase in the relative intensity of the component at 532.6 eV and, to
a lower extent, the component at 533.5 eV (Figure 10, Table 3). These observations suggest
that the mechanism of aryl radical grafting is related to significant hydroxylation of the ITO
surface. Decisive assignment of metal-O-carbon bond to one of the high binding energy
components of the Ogs peak still remains difficult as these components are present in all
samples and are generally attributed to surface hydroxyl groups for the component at 532.6 eV,
whereas the component at 533.5 eV is required for proper fitting and may arise from adsorbed
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water molecules.®®-3° We can however not rule out that metal-O-carbon bonds combine with
one of these components according to their high binding energy. Representative metal-O-
carbon bonds at GLAD-ITO is described in Figure 10.
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Figure 10. Representation of metal-O-carbon bonds on H,PDTP-GLAD-ITO.

Table 3. Individual components of the O(1s) spectra recorded at planar ITO electrodes. The Oa and Og
components are attributed to bulk oxygen and adjacent vacancy oxygen of the ITO lattice, respectively. The Oc¢
component is attributed to surface hydroxyls, and the Op component is required for proper fitting but not precisely
attributed.38-3°

O, Og Oc Op 03/04 Oc/(Op+ Op)
E (eV) 5303 5314 5326 5335
ITO 50.5 20.5 20 85 0.41 0.28
ITO-CV 435 19.1 24.7 12.7 0.44 0.39
H,(PDTP)-ITO 313 13.8 393 15.6 0.44 0.87

4. Conclusion

In the present work, we demonstrate that efficient and homogeneous functionalization
of 3D nanostructured transparent GLAD-ITO electrodes was successfully achieved by
electrochemical reduction of in-situ generated free-base porphyrin diazonium salts with a high
degree of control over the homogeneity, surface coverage and reproducibility. The resulting
modified electrodes were characterized by cyclic voltammetry, UV-visible absorption,
resonance Raman and XPS. The overall results strongly support the formation of covalently

linked electroactive porphyrin oligomers on the ITO surface through an underlying metal-O-
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carbon bond. This leads to highly stable toward desorption or hydrolysis in organic as well as
mild hydrolytic conditions, and allowing quantitative post-metalation by zinc ions of the
grafted free-base porphyrins. The present study opens thus new opportunities for the
preparation of more stable dye-sensitized or molecular catalyst-functionalized high-surface
area photoelectrodes by functionalization of nanostructured transparent metal oxide-based
electrodes with a wide range of adjustable molecular properties.
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Chapter III. Evidencing fast, massive, and reversible
proton insertion in nanostructured GLAD-TiO;

electrodes at neutral pH

Adapted from

Kim, Y. -S.; Kriegel, S.; Harris, K. D.; Costentin, C.; Limoges, B.; Balland, V. Evidencing
Fast, Massive, and Reversible H* Insertion in Nanostructured TiO2 Electrodes at Neutral pH.
Where Do Protons Come From? J. Phys. Chem. C. 2017, 121, 10325—10335.
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1. Introduction

TiO2-based mesoporous semiconductive electrodes have attracted in the past decades
due to its unique electrical, optical, and chemical properties (including low-cost, high
availability, low toxicity, and excellent chemical/photochemical stability). This implies that the
TiO2 can be a prime candidate in large-scale fabrication of transparent high-surface area
electrodes and also enable an increasing range of applications in which mesoporous TiO>
electrodes play a central role.>? Due to the issues for the environment and safety and in some
cases for long-term stability arise from the dry, aprotic organic solvents operating conditions
of most applicable fields with TiO»-based mesoporous semiconductive electrodes®!!, growing
efforts to meet the demand for eco-friendly and sustainable technologies have been made
recently toward the design of TiO,-based aqueous DSSCs'?'® and aqueous ion-insertion
batteries'**° but also the development of TiO2-based photoelectrocatalytic aqueous cells for

water splitting,® CO2 reduction,® biocatalysis,*® and biosensing.’

Significantly, many of the above applications incorporate complex processes of charge
carrier generation, separation, transport, and recombination in the metal oxide films which are
currently not fully understood and predictable. This is particularly true for mesoporous TiO>
electrodes operating in aqueous media, wherein the complex interplay between electron and
proton transfer/transport strongly influences the material’s behavior. It is indeed well-admitted
that upon applying negative bias to a TiOz electrode in strongly acidic conditions (pH < 2)
protons have the ability to not only adsorb at the TiO2/solution interface but also intercalate
within the metal oxide lattice according to reaction 1.

TiO, + xe~ + xH" & H,TiO, (1)
where x is the maximal mole fraction of protons that can be inserted in the metal oxide lattice.

This process is also often referred to as electrochemical doping of the semiconductor.
It has been reported over a wide range of TiO> film morphologies and crystallinities, mostly
anatase nanocrystalline films!® or nanotube arrays,’*?' but also rutile,? mixed
anatase—rutile,”>?* nanostructured films, and amorphous TiO2 nanotube arrays.?* Accordingly,

proton insertion/intercalation appears as a general feature of mesoporous TiO> films.

By analogy to Li* insertion in TiO., proton insertion is assumed to result from local

compensation of the loss of charge that is generated during the formal reduction of Ti'V sites
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into Ti""" in the bulk material,>* a process associated with a strong electrochromic effect for
which interpretation is still a matter of debate. 32224726 Proton insertion can thus be expected,
similarly to Li*, to lead to a strong increase of the electron storage capacity of TiO2 under
accumulation conditions.?”-?® In contrast to Li* insertion in TiOz that has been the subject of
intense research due to its fundamental role in Li* insertion batteries,® H* insertion in TiO has
been much less investigated, and many questions remain unanswered. For instance, the
insertion speed, reversibility, and long-term cyclability have not been determined. It is
moreover not clear which parameters influence the extent of proton insertion, at which potential

it occurs, and if strongly acidic condition is a necessary prerequisite.

The purpose of this chapter is to answer these questions by investigating the
electrochemical reductive protonation of nanostructured films of amorphous TiO2 prepared by
glancing angle deposition (GLAD) on planar ITO conductive substrates in aqueous solution in
the presence of either a strong acid (HCI) in an unbuffered solution or a weak acid in a neutral
buffered solution (HEPES buffer).2%-%0

As will be shown in the present work, we were able to clearly distinguish between two
charge storage mechanisms. The first is purely capacitive and related to charging of the
electrical double-layer capacitance (EDLC) when the electrode is converted to its fully
conductive state at negative bias potentials. The second storage mechanism occurs at a well-
defined formal potential, negative with respect to the conduction band, and corresponds to a
faradaic process associated with reductive proton insertion in the solid phase of TiO.. We
demonstrate that this faradaic electron storage process is fast, electrochemically reversible, and
diffusion controlled and occurs extensively at a well-defined potential not only under
unbuffered strong acidic conditions but also, more remarkably, under neutral pH conditions in

a buffered solution.

Furthermore, models describing ion insertion processes associated with charge storage
have been described in the attached article (see annexe) focusing on (i) ion diffusion exclusively
inside the materials and (ii) phase transformation electrodes but (iii) without interference of
diffusion outside the materials. The purpose of this modeling is to study of the effect of proton
transport interplay inside and outside the materials on the cyclic voltammetry response,
considering that proton transport in aqueous electrolytes near the electrode surface is provided
by buffer diffusion. The formulation of the problem through introduction of dimensionless

variables will allow defining the minimum number of parameters that govern the cyclic
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voltammetry response considering a simple description of the system geometry. This approach
will then be illustrated by the analysis of proton insertion in a mesoporous TiO film.

2. Description of the GLAD-TIiOz2 films used

All experiments were carried out with 1 xm thick amorphous TiO2 mesoporous films
deposited by glancing angle deposition (deposition angle of 72<) on flat conductive ITO
surfaces (Figure 1). Nanostructured GLAD TiO; films exhibit a high density of vertically
aligned nanosized columnar structures, with a well-opened mesoporosity and controlled film
thickness. From the volumetric mass density of the film (i.e., 2.5 g €m3) and the bulk density
of compact amorphous GLAD-TiO; film (3.8 g-cm 2 for a TiO, film prepared with a 0°
deposition angle),? a film porosity P of 0.34 can be estimated. A film surface area enhancement
(SA) of 540 per um of film thickness was deduced from BET krypton gas adsorption
isotherms.?® It has been previously established that SA increases linearly with film
thickness,?®3! while nanorod diameter and intercolumn spacing follow power-law growth
patterns.®? In order to estimate the mean nanorod diameter (that is difficult to infer from Figure
1), we have considered a simplified geometrical representation of the GLAD films by assuming
an array of uniform cylindrical nanorods homogeneously distributed perpendicular to the
underlying flat ITO surface. According to this simplified picture, the mean nanorod diameter d
and nanorod surface density ¢ were roughly estimated from both P and SA by solving the
following set of two linear equations: SA = 7d(10™* + d/4)6 and 1 — P = zd?d/4. Using the
experimentally determined values of P and SA, the mean nanorod diameter and number density

of 5 nm and 3.3 %102 cm~2 were calculated, respectively.

Experimental reproducibility is attested by the good overlap of cyclic voltammograms
recorded under identical experimental conditions for different GLAD-TiO> electrodes arising
from different GLAD deposition batches (Figure 2, relative standard deviation RSD < 5%, N
= 7). The reproducibility of the corresponding cyclic voltabsorptograms was not as good (RSD
< 40%), suggesting a higher sensitivity of the absorbance measurement to batch-to-batch

variations in the GLAD-TiO, samples.
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Figure 1. SEM images (top and side views) of the 1 um GLAD-TIO; films. The right cartoon is a schematic
representation of the film consisting of an array of homogeneously distributed cylindrical nanorods. The indicated
diameter (5 nm) was calculated based on BET measurements of surface area and characterizes the high surface

area fine structure internal to TiO2 columns grown by GLAD.
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Figure 2. (Left) CVs and (right) CVAs (4 = 780 nm) recorded at 7 different 1 pm-thick GLAD-TIO; electrodes
(arising from 2 different GLAD deposition batches) in 0.1 M HEPES (pH 7.0) and 0.3 M KCI. Each color denotes
a simultaneously recorded CV/CVA pair. Scan rate: 0.1 V-s. T = 25<C.

3. Spectroelectrochemical studies in aqueous solution

GLAD-TiO; electrodes were investigated by the coupled techniques of cyclic
voltammetry and cyclic voltabsorptometry, which allow simultaneous monitoring of electrical
current and optical absorbance changes for TiO electrodes during cyclic potential scans at the
semiconductive films.>® Experiments were conducted in aqueous solutions containing a fixed

concentration of KCI (0.3 M) as a supporting electrolyte.®® The influence of different
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concentrations of two soluble proton donors was studied, either (i) free protons (i.e., HzO")
resulting from the addition of HCI in water (pH values ranging from 7 to 1.85, equivalent thus
to [H3O"] concentrations ranging from 10~ to 0.014 M) or (ii) the acidic AH form of the
HEPES buffer at pH 7 (the concentration of which was altered by changing the buffer
concentration Cg from 0 to 0.86 M with [AH] = Cg/1.3 at pH 7). The simultaneously recorded
cyclic voltammograms (CVs) and cyclic voltabsorptograms (CVAs, monitored at 780 nm)
under different proton donor concentrations and pHs are reported in Figures 3, 4, and 5. Cyclic
scans were systematically initiated at anodic potentials where the semiconductive TiO> films
were insulating. The potential was then increased to sufficiently cathodic potentials where TiO2
was fully converted into a metal-like conductive film, and then the potential sweep was
reversed to recover the initial insulating state. During the charging process (forward scan), all
CVs and CVAs share some common features (Figures 3, 4, and 5). First of all, the current
recorded at the beginning of the forward cathodic scan is very small and nearly constant,
engendering no significant absorbance change at 780 nm. These observations indicate that TiO2
behaves as an insulator within this potential window and that the small recorded current on the
CVs only arises from the double-layer charging capacitance of the underlying exposed ITO
surface. At negative potentials to —0.60 V at pH 7.0 (or —0.30 V at pH 1.85), the exponential
increase of current in CVs reflects both the progressive filling of electronic states that are
localized in traps distributed in the band gap of TiO and the filling of extended conduction
band states when the applied potential becomes sufficiently negative (i.e., when it is raised
close to the TiO2 conduction band edge potential of Ece ~ — 0.75 V vs. Ag/AgCl at pH 7.0 or
—0.45 V vs. Ag/AgCl at pH 1.85).° This transition thus characterizes the increase of the Fermi
level of electrons in the TiO> film and also the transition from an insulating to a conductive
state by increasing the chemical capacitance (Cchem) Of the semiconductive material. (To
preserve the electrical neutrality, negative charges accumulated in TiO, are assumed to be
compensated by electrosorption of cations at the metal—oxide interface).>* This process is
associated with a simultaneous increase of the TiO> film absorbance monitored at 780 nm.
Accumulated electrons can thus be quantitatively analyzed in CVs through the exponential
increase of current occurring from an onset potential less negative than Ecg but also in CVAs
through absorbance increase in the near-IR region from the same onset potential (an increase
which linearly scales with the amount of electrons accumulated in the semiconductive
material).'®2® As attested by complete restoration of the initial metal oxide transparency upon

scanning the potential back in the anodic direction, the charging/discharging process is fully
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reversible under the present experimental conditions, indicating complete removal of all
injected charges. The onset potential at which both current and absorbance start to increase is
pH dependent, showing a 60 mV anodic shift per unit of pH decrease, fully consistent with the
reported Nernstian pH dependence of the TiO. conduction band edge.®*3 The potential at
which the amorphous GLAD-TIO: electrode becomes fully degenerate at pH 7.0 (i.e., at E <
—0.75 V vs Ag/AgCl, corresponding also to the transition from the exponential growth of the
current to a constant double-layer capacitive current) is also consistent with the Ecg reported
for sintered nanoparticulate films of anatase at the same pH (—0.8 V vs SCE).?® One may
however notice that the onset potential at which the film transitions from an insulating to a
conductive state is steadily downshifted as the scan rate is increased, suggesting a transition
process which does not occur at thermodynamic equilibrium within the range of scan rates
explored (0.05 to 0.5 V s71). It seems thus that there is a kinetic barrier in the delivery of
electrons to the semiconductive material that for the moment we cannot clearly interpret and
which is beyond the scope of this work. Once the applied potential lies within the potential
window corresponding to the fully conductive state of TiO2, shapes and magnitudes of both
CVs and CVAs exhibit strong differences and changes as a function of the proton donor
concentration (Figures 3, 4, and 5). Two distinct behaviors can be clearly identified as detailed

below.
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Figure 3. (Left) CVs and (right) CVAs (monitored at 780 nm) recorded simultaneously at a 1 um thick GLAD-
TiO; electrode in an aqueous solution of (blue) 14 mM HCI (pH 1.85) or buffered solutions (pH 7.0) of (black) 1
mM HEPES or (red) 100 mM HEPES. All solutions also contained 0.3 M KCI as supporting electrolyte.
Electrodes were scanned from 0 to —1.25 V at pH 7 and from 0 to —0.96 V at pH 1.85. CVs are expressed in flux
density and CVAs in surface concentrations (i.e., AA7s/(1000 €7g0)). Scan rate: 0.1V 7. T = 25<C.
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no buffer 1mM 25 mM 50 mM 100mM 200 mM 860 mM

Figure 4. Top: CVs recorded at 1 pm-thick GLAD-TiO, electrodes in aqueous solutions of 0.3 M KCI

complemented with increasing concentration of HEPES buffer (pH 7.0). Buffer concentrations (Cg) are reported
on top of the graphs, and currents are converted to electron flux density normalized to the scan rate. The ordinate
is ¢/v = i/FSv with units mol-V-1-cm. Scan rates: 0.05 Vs (black), 0.1-V s (blue), 0.2 V-s (purple) and 0.5
V-s! (magenta). Bottom: CVAs (A =780 nm) recorded during the 0.1 Vs> CV scans. The ordinate is in absorbance
units. The abscissa for both the CVs and CVAs are potential (V) with respect to the Ag/AgCl (3 M KCI) reference
electrode. T=25<C.

pH=7 3.2 2.6 2.15 1.85 1.3

Figure 5. Top: CVs recorded at 1 pm-thick GLAD-TiO; electrodes immersed in increasingly acidic aqueous
solutions (pHs are reported above the graphs). Currents are converted to electron flux density normalized to the
scan rate. The ordinate is ¢/v = i/FSv with units mol-V-cm2. Scan rates: 0.05 V-s* (black), 0.1 V-s* (blue), 0.2
V-s? (purple) and 0.5 Vs (magenta). Bottom: CVAs (4 = 780 nm) recorded simultaneously to the CVs (only
experiments conducted at 0.1 V-s™* are shown). The ordinate is in absorbance units. The abscissa for both the CVs
and CVAs are potential (V) with respect to the Ag/AgCI (3 M KCI) reference electrode. T =25<C.
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Low Proton Donor Concentrations (Unbuffered Aqueous Solutions of pH > 3.5 or Poorly
Buffered Aqueous Solutions with [AH] <5 mM).

For very low acid concentrations and for potentials more negative than the conduction
band edge of TiO2, CVs display a rectangular-shaped current response almost independent of
the applied potential and scaling linearly with the scan rate v (Figures 3 and also Figures 4 and
5 wherein CVs are normalized to the scan rate). This behavior is typical of the double-layer
capacitive charging current that can be recorded at a high surface area electrode immersed in
an inert supporting electrolyte (differing from the chemical capacitive charging current by its
independence from the applied potential). This is corroborated in CVAs by the near overlap of
absorbance change between the forward and backward potential scans at 0.1 V s7* (absence of
significant hysteresis), a behavior that is reminiscent of a fast charging/discharging of a double-
layer capacitive current. Since the double-layer capacitance (Ca) is connected in series with
the chemical capacitance, it can only be assessed when Cchem > Ca (i.€., at potentials more
negative than the Ecg of TiO2).%%34 It is worth mentioning that CVs normalized to v at neutral
pH (Figure 4) do not all completely overlap in the lowest range of negative potentials; under
—1.1 V, a small rise of current is observed and accompanied by a concomitant increase in
absorbance at 780 nm. We assume that this arises not from the hydrogen evolution reaction
(HER) as often assumed but from the reductive coloration of the underlying ITO substrate, a
phenomenon that was recently ascribed to the reductive formation of metallic nanoparticles of
indium and tin at the ITO surface and which strongly depends on the electrolyte composition
and pH.3"% Control CV experiments were thus performed at bare 1TO electrodes under the
same experimental conditions as those for GLAD-TIO> electrodes, and the same increases in
current and absorbance were observed at potentials more negative than —1.0 V (not shown).
The above results allowed us to conclude that when the applied potential is more negative than
Ece and when there is no significant concentration of free protons or weak acid in solution the
GLAD-TIiO: electrode behaves like a high surface area electrical capacitor. Assuming that at
low proton donor concentration the CV current is purely capacitive at pH 7.0 in the potential
window —0.7 to —1.1 V, an average electrical capacitance density of 18 =2 mF ¢m2 (i.e.,
normalized to the geometric electrode area) can be inferred (which also corresponds to a
specific double-layer capacitance of 72 F g 1), which is far more than expected for a standard
flat conductive electrode in an electrolyte solution (10—40 xF €m~2).34° The value is, however,
consistent with the large specific surface area generated by the quasi-metallic GLAD-TiO>

films at these potentials. Once corrected for film surface area enhancement (i.e., 540 ,umfl), an
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intrinsic capacitance density of 33 uF €m 2 was found for the degenerate semiconductive film,
a value that is close to the theoretical one (10—20 uF €m~2) calculated for a flat conductive
surface in an aqueous electrolyte solution.** The measured capacitance density, however, is in
the lower end of values previously reported for nanocrystalline films of TiO2 in aprotic solvents
(30—120 uF €m~2),*27% which is unsurprising in light of the fact that all of the previously
reported intrinsic capacitances were determined in the presence of lithium cations. These
cations complicate the accurate estimation of the true capacitive contribution on account of
their intercalating faradaic contribution to the current. Another factor that can also significantly
affect a reliable evaluation of the intrinsic capacitance density is the extent of correlation
between the inner surface area of the nanostructured electrode (i.e., measured using the BET

measurement, see experimental section) and the effective electroactive surface area.

High Proton Donor Concentrations (Unbuffered Aqueous Solutions with pH < 3.5 or

Buffered Aqueous Solutions with [AH] > 5 mM).

Upon either increasing the buffer concentration (up to 860 mM at pH 7) or decreasing
the pH below pH 3, the shapes and magnitudes of current/ absorbance changes in CVs/CVAs
are strongly modified and increased for cathodic potentials wherein TiO2 is conductive (Figures
3, 4, and 5). The strong increase in current is linked to the growth of a broad reversible wave
on top of the capacitive current. Depending on the pH, this reversible wave is centered on
formal potentials (E”) of —1.06 V vs Ag/AgCl at pH 7.0 (0.1 M HEPES) and —0.68 V vs
Ag/AgCl at pH 1.85 (Figure 3 and Table 1), exhibiting thus a shift of =74 mV per unit of pH,

which is again reminiscent of the —60 mV pH dependence of the Ecg of Ti0.1%

Table 1. Features of CVs and CVAs shown in Figure 3.

pH 1.85 7 7
[H30%] (mM) 14 ~0 ~0
[AH] (mM) - 0 77
Eonset (V)? -0.30 -0.60 -0.60
E” (V)P -0.68 - -1.06
AE, (mV) 220 - 120
AA7a0™ 051 0.15 0.34
e760 (M cmrl) 1200 800 800

apotential that characterize the onset increase of absorbance measured at 780 nm.

® Formal potential obtained from the average of cathodic and anodic peak potentials at the slowest scan rate.
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The current of this reversible wave is clearly not proportional to the scan rate as shown
from CVs normalized to v in Figures 4 and 5. In order to further analyze this wave, CVs
recorded at different proton donor concentrations were systematically corrected for the
electrochemical double-layer capacitance contribution by subtracting the CVs obtained under
negligible proton donor concentration (i.e., by subtracting the CVs in 0.3 M KCI). Once
corrected for capacitive current and normalized to v2, the resulting CVs gathered in Figure 6
show good overlap, especially in terms of magnitudes of cathodic and anodic peaks. These
results clearly demonstrate that the reversible wave is proportional to v’ over the entire range
of buffer concentrations and pHs investigated in this work (Figure 7), a behavior that strongly
supports the occurrence of a reversible faradaic process rate-limited by a diffusion-controlled
mass transport. On account of its E” position, strong dependence on proton donor concentration,
and also diffusion-controlled response, the reversible wave can be reasonably ascribed to the
reversible faradaic reduction of Ti'V sites in the metal oxide lattice coupled with proton uptake
for local charge compensation. Depending on the experimental conditions, this proton-coupled
electron transfer reaction, when fast, can be assumed to be rate-limited either by the solid-state
diffusion of protons inserted within the TiO2 lattice or by the solution diffusion of proton donors
in the bulk electrolyte. This process is formally equivalent to the Li*-coupled electron transfer
reaction occurring in insertion metal oxide materials, a process that has been and continues to
be widely studied based on its great importance in the field of Li-ion batteries.*®> Compared to
the CVs reported in the literature for Li* insertion in nanocrystalline TiO films, it is remarkable
here to note the rather high electrochemical reversibility of proton insertion (characterized by
a small potential separation between the anodic and cathodic peaks, i.e., AE;<0.23at 0.1V s},
see Table 1), as compared to corresponding reports for Li*- insertion in nanocrystalline TiO>
films (AEp, > 0.4 V at CV scan rates <10 mV s1).4% The poor reversibility of lithium-ion
insertion is often associated with crystallographic phase changes during the faradaic process,
so the good electrochemical reversibility we observed here for H™ insertion suggests that
crystallographic variations may not be a major issue. The disordered structure and defects in
amorphous TiO2 may also contribute to facilitate the interfacial proton-coupled electron

transfer reaction.

98



C,=25mM 50 mM 100 mM 200 mM 860 mM
E/\ 8.0X1077 T T T T T T T T T T

-4.0x107 1 T R H I

@Y (mol cm™®

-8.0x107 A - -H H |

-1.0 -05 -1.0 -05 -1.0 -0.5 -1.0 -05
— 80X107 T T T T T

,] pH28 pH215 1| pH1.85
4.0x107 H H . .

1/2

112 -
S

-4.0x107 H H . .

@V (mol cm® V

-8.0x107 H H . . .
] EMV
T T T T

-10 -05 -10 -05 -10 -05 00 -1.0 -05 0.0

Figure 6. Top: CVs previously presented in Figure 4 with correction to remove the capacitive contribution to the
total current (i.e., by subtracting the CVs recorded in 0.3 M KCI without buffer). Bottom: CVs previously
presented in Figure 5 with correction to remove the capacitive contribution to the total current (i.e., by subtracting
the CVs recorded in 0.3 M KCI). Currents were all converted to electron flux density normalized to the square
root of scan rate. Scan rates: 0.05 V-s (black), 0.1 V-s! (blue), 0.2 V's™ (purple) and 0.5 Vs (magenta). The
abscissa are potential (V) with respect to the Ag/AgCI (3 M KCI) reference electrode. T =25<C.

In order to get deeper insights into the diffusion-limited faradaic charge storage process,
the electron flux density of the cathodic peak ¢rp, normalized to v, was plotted as a function
of the proton donor concentration (Figure 7). Provided that the proton donor concentration in
solution remains low, the data clearly show a linear relationship which is indicative of a process
rate-controlled by the diffusional mass transport of proton donors in the electrolyte. Upon
further increasing the proton donor concentration (i.e., >100 mM), a progressive deviation from
linearity with a tendency to asymptotically reach a maximal value at high buffer concentrations
is well-discerned at pH 7.0. That the diffusion-controlled cathodic peak current is independent
of the proton donor concentration at high buffer concentrations, but still proportional to v'/2,
allows us to conclude that the faradaic process is now rate-controlled by the solid-state diffusion
of protons within the TiO: lattice, rather than by the mass transport of proton donor in solution
(the latter being sufficiently fast to support the redox process at the interface under these

conditions). Such a transition from one limiting case to the other was unfortunately not
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observable under acidic pH conditions for the reason that we were unable to perform CV
experiments at pH < 1.0 without generating an irreversible loss of the electrical properties of
TiO; together with a concomitant and permanent coloration of the metal oxide film. (This
blue/black coloration was observed after exceeding a certain charge accumulation threshold or
upon scanning the potential into excessively negative values.) Such an abrupt alteration of the
physicochemical properties of TiO2 might be related to a significant structural/ morphological
change of the metal oxide lattice, which under strong electron/ proton accumulation may lead

to delamination or breakage/ collapse of the GLAD-TIO> film.
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Figure 7. (Left) Cathodic peak electron flux density in CV as a function of v¥2 (for scan rates ranging from 0.05
t0 0.5 V s71) and for different concentrations of (blue data) free protons, i.e., [HsO*]= (solid blue star) 2.5, (blue
open circle) 7, (open blue star) 14, and 50 (solid blue circle) mM or (red data) the acidic form of HEPES buffer,
i.e., [AH] = (solid red star) 19, (red open circle) 38, (red open star) 77, (red solid diamond) 153, and (red solid
circle) 656 mM. (Right) Cathodic peak electron flux density normalized to vt and plotted as a function of proton
donor concentration: (blue) free protons and (red) the acidic form of HEPES buffer. Dashed lines correspond to
the linear regression fits of Eq. 5 to the data determined at low proton donor concentrations. The horizontal dotted

black line corresponds to the extrapolated limiting value of ¢ p/v2.

From the above experimental observations, it can be concluded that the
charging/discharging process related to the reversible proton-coupled reduction of Ti'V ions
can, depending on the experimental conditions, be rate-limited by any of (i) the mass transport
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of proton donor in solution, (ii) the solid-state diffusion of protons in the TiO> lattice, (iii) the
interfacial proton-coupled electron transfer, or (iv) a mixed control of these different processes
(Scheme 1).

Ti"O(OH) Ti"O(OH)

Scheme 1. Schematic Representation of the Faradaic Charging Processes Occurring at the TiO, Mesoporous
Electrodes Involving Proton—Coupled Electron Transfer to Solvent-Accessible Ti'"V lons According to the
Interfacial Reactions 2 or 3, Depending on the Proton Provider, Followed by Coupled Electron/Proton Diffusion
Within the TiO; Lattice According to Reaction 4.

Another important finding from the above results is that the aqueous solvent is an
ineffective proton donor in comparison to the acidic form of HEPES or H3zO™. This might be
explained by the very low acidity of water (pKa = 14 which is 6.5 orders of magnitude higher
than the pKa of the HEPES buffer), which would suggest that the thermodynamic ease with
which the proton donor can deliver a proton to the metal oxide is a key factor in the proton

insertion mechanism.

4. Description of the insertion process

The proton-coupled reduction of Ti'V is assumed to be induced at the metal
oxide/electrolyte interface. It thus involves the soluble proton donor locally available at this
interface, which according to the experimental conditions can be either free protons in solution
or the acidic form [AH] of the buffer (in the present case, the zwitterionic protonated form of
HEPES). We can thus write the following electron transfer reactions at the metal oxide
interface for each proton donor as following Eg. 2 and Eq. 3:
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Ti"0, + e~ + H,0* & TiZ(0)(OH) + H,0 (2)
Ti"0,+ e~ + AH & TiZ(0)(OH) + A~ 3)

These reactions are expected to occur more favorably at grain boundaries where
interfacial Ti'V sites are more accessible and solvent exposed.*® According to the high specific
surface area of GLAD-TIO- electrodes and the high surface concentration of Ti'V ions, these
reactions are assumed to provoke massive consumption of the proton donor present at the metal
oxide/ electrolyte interface (i.e., in the void volume of the porous film). Under these
circumstances, consumption is sufficient to rapidly induce rate limitation by the mass transport
of proton donor from the bulk solution. This is especially true when the working concentration
of the proton donor is low, thus leading to a current response of the diffusion-controlled
reversible wave linearly dependent on the soluble proton donor concentration. Once surface
Ti'V sites are reduced and charge compensated by protonation, we can assume that the paired
electron/proton couple (e"/H") can be transferred between adjacent titanium ions localized in
the subsurface region of the amorphous TiO2 material, formally according to the following

electron—proton transfer reaction:

Ti"0, + TiZ(0)(0H) & TiZ(0)(0H) + Ti"0, (4)

This mechanism of charge transfer propagation throughout the metal oxide lattice can
be assumed to be equivalent to a diffusion-like process considering an isotropic random walk
of e/H* throughout the TiO- lattice. (It is worth noting that in this process electrons may not
originate from hopping electron transfer reactions between adjacent titanium ions but rather
from transfer with electrons accumulated in the delocalized states of the conduction band.
Therefore, during this e /H*™ migration, only protons can truly be considered to hop between
adjacent titanium sites.) To determine the rate of this solid-state diffusion-like process, it is
essential to ensure that the mass transport of proton donor in solution does not play a role. Such
a situation is encountered in Figure 7 when the magnitude of the reversible wave is nearly

independent of the proton donor concentration.

The linear relationship observed between ¢rp/vt? and the soluble proton donor
concentration, [H], at low and intermediate concentrations in Figure 7 (i.e., <100 mM) is
typically associated with the first situation where the diffusion-controlled reversible current

response is limited by mass transport of the proton donor. If we assume a Nernstian interfacial
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reaction (i.e., a fast reversible proton-coupled electron transfer reaction), the following
Randles—Sevcik equation can applied for both reactions 2 and 3 at low proton donor

concentrations*®4’

@f,p if,p F
172 = TV = 0.4463 RT VDuout [Hl  (5)

where ¢ip and irp are the faradaic peak flux density (C-mol*€m™) and peak current (A),
respectively; v is the scan rate (V s7%); S is the delimited geometric electrode area (or projected
electrode area, cm?); Dy out is the diffusion coefficient of proton donor in the bulk aqueous
solution (cm? s71); and [H] is the concentration of proton donor in solution (mol €m~3). The
geometric electrode area is utilized in this equation due to the fact that the diffusion layer
thickness of the soluble proton donor is much larger than the 1 um film thickness of GLAD-
TiO: within the range of scan rates used in the present study. From the linear regression fit of
Eq. 5 to the linear part of experimental plots in Figure 7, it becomes possible to determine the
diffusion coefficient Dn out Of €ach proton donor we have investigated. Diffusion coefficients of
3 x10°cm? s tand 1.5 <10 % cm? s were found for H3O* and the protonated form of HEPES,
respectively. These values are in good agreement with the diffusion coefficient values reported
in the literature (i.e., 2.3 x107° cm? 571 for H30™%%9 and 6.2 <107 cm? s7* for HEPES,*® both
at 25 <T).

In highly concentrated solutions of proton donor it was not possible to definitely reach
the limiting case where ¢r is uniquely rate-controlled by the apparent diffusion of H" in TiOy;
however, the apparent diffusion coefficient of protons within the metal oxide lattice could be
estimated from the maximal electron flux density that was extrapolated at high buffer
concentrations in Figure 7 (dotted black line). Under this limiting case, Eq. 5 no longer applies
and must be modified to consider reaction 4 as the rate-limiting diffusion-like process. On
account of the small solid-state diffusion coefficients reported for cations in TiO2 (10 3-10717
cm? §71), 4274451755 the diffusion length of H* within the bulk metal oxide is expected to be much
smaller than the smallest dimension of nanorods (5 nm diameter) such that the proton gradient
can be considered as a semi-infinite linear diffusion-like process occurring normal to the metal
oxide interface (i.e., normal to the vertical walls of the nanorods). Under these conditions, the

following Randles—Sevcik equation can be used (assuming again a Nernstian redox reaction)
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Q)f,P lf’p F Se 0
5 = ooas = 04463 |- \Du,in x Cr;  (6)

where Se (in €m?) is here the specific electroactive surface area of the mesoporous electrode;
Dw,in (in cm? s72) is the apparent diffusion coefficient of H* within the metal oxide lattice; Cy;
(0.048 mol €m™3) is the maximal concentration of titanium ions in amorphous TiO2; and X is
the maximal mole fraction of protons that can be inserted in the fully reduced phase HxTiOx.
This equation can thus be used to calculate the diffusion coefficient of H* within the TiO lattice
using the limiting value of ¢r/vY? extrapolated in Figure 7 (dotted black line, ¢rp/v? = 1.1 x
107® mol em2 s Y2 v Y2) Two issues must, however, be considered. First, an appropriate
estimate of the maximal value of x must be available. Unfortunately, we were experimentally
unable to reach full reduction of TiO> before permanent failure of the GLAD-TiO; electrode.
The second issue is related to the difficulty of reliably evaluating the true specific electroactive
surface area, Se, through which the proton-coupled charge transfer occurs, an area which does
not necessarily correspond to that determined by BET. This is indeed supported by the idea
that ion insertion may not occur homogeneously at the electrolyte/metal oxide interface but
preferentially via percolation channels within single grains, as has been recently demonstrated
by nanoscale imaging of a lithium titanate surface at various states of Li* insertion.%
Consequently, the diffusion coefficient for ion insertion determined from Eqg. 6 is an apparent
value (one can finally hardly deconvolute the two parameters contained in the Se > Dp,in'?
product). Assuming Se/S = SA = 540 (estimated from BET) for the 1 um thick GLAD-TiO> film
and a mole fraction x = 0.5 by analogy to that usually reported for Li* in anatase,>% an apparent
solid-state proton diffusion coefficient of Din= 10 ** cm? s7! is obtained. From such a value,
the penetration length, |, of protons within the metal oxide lattice during the time course of a
typical CV experiment can be estimated using Eq. 7, where t is the charging time of the

experiment.

l = Dy nt (7)

At the slowest scan rate (0.1 V s1) we have used, and for the highest buffer
concentration (860 mM HEPES at pH 7), a proton penetration length | of 1.25 nm was
calculated. This diffusion length is less than the smallest dimension of GLAD-TiO2 nanorods
(~5 nm) we have roughly estimated from our simple model in Figure 1, a result which therefore

justifies a posteriori the validity of Eq. 6 and, therefore, the assumption of 1D semi-infinite
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linear diffusion. It also suggests that for the strongest accumulation conditions we were able to
reach, the concentration gradient layer of reduced Ti'V extends from the TiO2 nanorod walls up

to ~40 % of the total metal oxide volume.

5. Comparative Study with Lithium Insertion

With the aim of directly comparing proton-ion versus lithium-ion insertion ina 1 um
thick amorphous GLAD-TIO> film, a series of CV and CVA experiments were performed in
aqueous electrolytes containing either 76 mM Li* (pH ~ 6.5) or 76 mM acid form of HEPES
(pH 7.0) for a set of scan rates (Figure 8). The marked differences between the shapes of CVs
(and also CVAs) recorded in the presence of a proton ion donor and those recorded in the
presence of lithium ion suggest that Li* insertion does not proceed as fast as proton insertion
under the selected conditions. One may argue that at the low Li* concentration used the lack of
discernible lithium insertion within GLAD-TIiO; films would result from a slow diffusion rate
of Li" in the bulk of solution, leading thus to a low faradaic current response according to Eq.
5. This is however unlikely because the diffusion coefficient of Li* in aqueous solution is quite
high (~107° cm? s71),%" and so its diffusion rate in water is even faster than the AH form of
HEPES. Still, an additional CV experiment was performed at a much higher concentration of
Li* (1 M) (Figure 8), but again the small increase of current compared with that obtained with
a proton donor such as the protonated form of HEPES at 0.66 M de finitely indicates the much
slower insertion of Li* than H" in the amorphous film of GLAD-TiO.. One should note that the
broad and small reversible waves we observed here for Li* insertion in amorphous GLAD-
TiO2 are in line with previous reports of Li* insertion in other types of amorphous mesoporous
TiO2 films in aprotic solvents, exhibiting a similar broad and small reversible wave in CV,
much smaller and less well-defined than for Li* insertion in mesoscopic films of pure
anatase.>%® All of these observations allow us to conclude that, under our conditions, proton
ion insertion occurs in amorphous mesoporous GLAD-TiOz films through a remarkably faster

and more favorable process than lithium-ion insertion.

On account of the above observations, it is interesting to return to the value we have
determined for the solid-state diffusion coefficient of protons in GLAD-TiO2 (Dn,in= 10
cm? s71) because it is the key parameter governing the proton charge storage dynamics in TiO
relative to lithium. Analyzing in detail the solid-state diffusion coefficients of Li* reported in

the literature (in particular those obtained at nanoporous TiO: films made of 7—8 nm anatase
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particles) allows us to identify consistent values in the range of 1 <107 to 6 <107’ cm?-
s 1424351 Assuming these data as the most relevant for direct comparison to the present value
of Dn,in in GLAD-TIO2, we can conclude that protons diffuse 20- to 100-fold faster in
amorphous TiO2 than Li* in anatase. This strong difference may explain the obvious contrast

we observe between proton and lithium-ion insertion in amorphous GLAD-TIiO; electrodes.
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Figure 8. (A,B) CVs recorded at 1 pm-thick GLAD-TIiO; electrodes immersed in aqueous solutions containing
0.3 M KCl and (A) 76 mM acidic form of HEPES (i.e. 0.1 M HEPES buffer, pH 7.0) and (B) 76 mM LiCl. Scan
rates: 0.05 V-s? (black), 0.1 V-s* (blue), 0.2 V-s (purple) and 0.5 Vs (magenta). (C) Same as (A,B) but with
0.3 M KCl and (red) 0.66 M acidic form of HEPES (0.66 M AH in 0.86 M HEPES, pH 7.0) or (dark blue) 1 M
LiCl, both recorded at a scan rate of 0.1 V-s-1. (D,E) CVAs (1 = 780 nm) recorded during the corresponding CV
scans in (A,B). T=25<.

6. Quantification of the charge stored

One great advantage of cyclic voltabsorptometry lies in the correlation that can be done
between electrochemical and spectroscopic data. In the present study, it allows for real-time
analysis of the spectroscopic features of TiO2 films during the electrochemical charging process.
Assuming that all injected electrons give rise to absorbance at 780 nm, cyclic

voltabsorptograms can be converted to derivative cyclic voltabsorptograms (DCVA) according

106



to Eq. 8 (where both current and absorbance are expressed in flux density ¢ in mol em2s?)

and directly compared to each other.

~ 1000e,4, dt  FS

(0] (8)
where Azgo is the absorbance monitored at 780 nm and e7g0 in Mt em™ is the extinction

coefficient of the stored electron.

As shown in Figure 9, when using an extinction coefficient value of 800 or 1200
Mt em™ at 780 nm, depending on the electrode batch, a perfect overlap of the DCVAs and
CVs is obtained over the entire potential window, regardless of the pHs and buffer
concentrations. The independence of €730 from both the applied potential as well as the proton
provider is a priori surprising since it indicates that all electrons stored within the material
share common spectroscopic features in the visible range, regardless of their origin or nature
(i.e., either the electrons are associated with the filling of electronic states in the band gap and/or
conduction band, or stored in the double-layer capacitance at the TiO2—electrolyte interface, or
associated with the faradaic charging process leading to the reductive protonation of Ti'V ions
within the TiO lattice). Such an observation seems to contradict a previous report in the
literature suggesting that electrons associated with lithium-ion insertion in TiO2 have a marked
increase in average extinction coefficient (in the near-IR range) with respect to electrons
accumulated in the conduction band.*® This previous report, however, was performed under
strong accumulation conditions, which are known to lead to a long lasting coloration of the
metal oxide film. In the present study, such strong accumulation conditions are not encountered.
The extinction coefficient values used in the present study, 900 + 300 M~ €m™?, are in good
agreement with those previously found under different experimental conditions and for

different types of mesoporous TiO; films. 8253
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Figure 9. CVs (black line) and DCVAs (circles) expressed in flux density and recorded at (left) neutral pH in the
presence of (top) 1 mM or (bottom) 50 mM HEPES, or (right) acidic pHs. The optimized overlay of DCVAs and
CVs was obtained by adjusting the €750 value to (blug) 800 M-*-cm* and (magenta) 1200 M-1-cm. All experiments
were conducted in the presence of 0.3 M KCl at a scan rate of 0.1 V-s1. T = 25<C.

The charge density Q (in C €m2) stored in the 1 um thick GLAD-TiO> film can be
easily determined for each electrode either from the maximum absorbance change monitored

at 780 nm or from integration of the charging/discharging current in CV, using Eqg. 9:

AAzg
=F —2%0
1000¢,g, J a9

This equation was used to estimate the total charge stored at the highest tested
concentration of proton donor (0.66 M AH in 0.86 M HEPES buffer, pH 7) and 0.1 V-s!
(Figure 10). A value of 78 mC €m 2 was obtained, corresponding thus to a total charge capacity
of 310 C g1 This total stored charge results from the combined contributions of charges stored
from faradaic reduction of TiO2 and charges accumulated at the double-layer interface of the
nanostructured metal oxide. The charge fraction associated with the faradaic contribution can
be determined by subtraction of charge accumulated in the absence of significant proton
insertion (corresponding to the double-layer capacitance charge) from the total charge. From
the magnitude of absorbance changes recorded at the lowest concentration of proton donor, a
capacitive charge density of 18 mC ¢m2 (or 72 C g 1) could be recovered. This implies that

23 % of the total stored charge results from the double-layer capacitance of the nanoporous
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TiO; film, while the remaining 77 % (i.e., 60 mC €m2 or 240 C g ! or 66 mA h g 1) arises
from the proton-coupled electron transfer reaction within the metal-oxide network (Table 2).
This latter value is equivalent to 0.6 zmol €m of intercalated protons and thus corresponds to
the reductive protonation of ~20 % of the total titanium ions in the lattice (equivalent to a x
value of 0.2). As the charging process is diffusion-limited under the experimental conditions,
the maximal mole fraction x is manifestly not reached. It could theoretically be attained
experimentally by either decreasing the scan rate or prolonging the time the electrode is biased
at negative potentials (<E”). However, the scan rate could not be decreased below 0.05 V s+
in the present study without the strong charge accumulation condition inducing a sudden

irreversible failure of the GLAD-TIO> electrodes (see above).

Despite the inability to reach the maximum mole fraction, it is still possible to compare
the total e /H" charges that could be reversibly stored in the 1 um thick GLAD-TIiO electrode
against previous reports for Li* storage in various mesoporous anatase films (in aprotic solvents)
(Table 2). It is remarkable to note in Table 2 that under our experimental conditions proton ion
insertion within amorphous GLAD-TiO: films occurs nearly as extensively as lithium-ion
insertion in mesoporous crystalline films of anatase. Moreover, this extensive proton insertion
is achieved much more rapidly than reported for lithium-ion insertion (the 0.2 mole fraction
was attained here at a scan rate of 100 mV s, while for Li*, the 0.15 to 0.31 mole fractions
were obtained at 0.5 mV s!; see Table 1). Interestingly, in spite of completely different
experimental conditions, a similarly extensive reductive protonation of TiO2 (~16 %) was
obtained by prolonged UV-irradiation in toluene of amorphous nanoparticles capped with

organic ligands.>®
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Figure 10. (Left) Double potential step chronoabsorptometric responses (the absorbance has been converted into

charge per unit of geometric electrode area using Eq. 9) monitored at 780 nm in a 0.3 M KCI aqueous solution

containing (black and gray lines) 1 mM or (orange, red, magenta, pink lines) 100 mM HEPES at pH 7. The

potential was stepped from 0.0 to —1.0 V and then back to 0.0 V (vs Ag/AgCl). The double potential step

experiment was repeated several times by progressively increasing both the cathodic and anodic polarization time

from 30 to 120 s. (Right) Charge contributions of the (gray) double-layer charging and (blue and red) faradaic

proton insertion to the total charge stored in a GLAD-TiO; film during a CV performed at 0.1 V-s*. Bars in blue

are for free protons, while those in red are for the acidic form, AH, of the HEPES buffer.

Table 2. Structural Characteristics and Charge Storage Properties of the Present GLAD-TiO; Films Compared to

Those Previously Established for Other Mesoporous TiO» Films.

GLAD film nanopartical films sol-gel film
TiOz crystallinity amorphous anatase  anatase  anatase anatase
BET surface area (m? g%) 220 220 150 350-400 180-200
nanoparticle diameter (nm) ~52 7 10 4-5 nd
intercalating ion H* Li* Li* Li* Li*
scan rate (mV s1) 100 0.5 0.5 0.5 0.5
total charge stored (C g) 310 490 460 200 340
electrical capacitive contribution 23 55 35 50 40
(%)
ion insertion capacity (mAh g') 66 61 83 28 57
mole fraction of inserted cation 0.2 0.15 nd® 0.18 0.31
ref Present 44 44 45 45
work

3Estimated from geometrical consideration (see text). "Not determined.
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To better characterize the long-term stability, reversibility, and speed of e /H*
charge/discharge in GLAD-TiO2, mesoporous films were investigated by double potential step
chronoabsorptometric experiments in HEPES buffer at two different proton donor
concentrations (i.e., 0.77 and 77 mM AH). To avoid excessive charge accumulation, the
forward potential was stepped from 0.0 to —1.0 V, a moderate cathodic potential only slightly
more positive than the formal potential (E” = —1.06 V) of the reversible proton
insertion/disinsertion wave. In the absence of significant proton donor in solution, the time-
course absorbance change in Figure 4 grows rapidly until it reaches a steady state value of 8.7
mC €m? (in less than 30 s). This fast absorbance increase is representative of the electrode
capacitive charging rate (i.e., the charging of both the chemical and double-layer capacitances)
when there is no significant contribution of proton insertion to charge storage. At an appreciable
proton donor concentration of 77 mM (0.1 M HEPES), a significantly higher limiting charge
storage value of 19.3 mC €m? (an increase of 120 %) is reached after only slightly longer
accumulation time (ca. 60 s). This result confirms the remarkably fast reductive protonation of
GLAD-TIiO2 and allows for easy estimation of the additional stored charges resulting from the
faradaic proton insertion at the selected applied potential. The stationary charge accumulated
after 1 min of electrode polarization at —1.0 V also points to thermodynamic control of the
accumulated charge (i.e., in equilibrium with the Fermi level of —1.0 V applied to the metal
oxide film), which is here assumed governed by the Nernst’s law. (This is a reasonable
assumption when one considers the good electrochemical reversibility of the proton insertion/
disinsertion waves on the CVs.) From the maximal faradaic charge density extracted in Figure
10 (i.e., Q = 11 mC em 2 after subtraction of the capacitive charge density), it can be calculated
that 4 % of the total Ti ions present in the metal oxide film are electrochemically reduced after
only 1 min of electrode polarization at —1.0 V. Inserting this ratio into the Nernst equation and
assuming the law remains valid regardless of the amount of charge injected into TiO; allows
us to estimate an x value of 0.45 (using E” =—1.06 V and E =—1.0 V). This maximum insertion
ratio is close to the mole fraction of 0.5 found for lithiated anatase (LiosTiO2) wherein lithium
ions are randomly distributed over half of the available interstitial octahedral sites.®° It also
validates a posteriori the x value of 0.5 used in Eqg. 6 for the calculation of Dn,in. Another
important merit of the chronoabsorptometric experiments in Figure 10 is to clearly highlight
the high-rate electrochemical charging and discharging processes as well as their high
reversibility and cyclability as attested by the perfect overlay of the multiple double potential-

step experiments repetitively recorded.
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7. Conclusion

In the present work, we demonstrate that the charge storage capacity of amorphous
GLAD-TIO; electrodes can be strongly enhanced upon reductive protonation of lattice Ti'V
ions. This process is characterized by a reversible and fast faradaic proton-coupled electron
transfer reaction centered at a well-defined formal potential (i.e., a well-defined localized state),
energetically positioned at a value negative to the conduction band potential of TiO: (i.e., at a
potential where TiO is fully degenerate), and that we can reasonably attribute to the
TiVO2/Ti'""O(OH) redox couple. This reversible process can however only be revealed by the
presence of a sufficiently large concentration of an appropriate proton donor in solution, i.e.,
free protons or a much weaker acid such as the acidic form of the buffer. We demonstrate
moreover that reductive doping of amorphous mesoporous TiO3 in aqueous solution is highly
specific for protons and that Li* insertion does not compete with proton insertion under the
present experimental conditions, most likely because of the short time window used. Despite
this, the total charge stored in the GLAD-TiO> electrode upon proton insertion falls within the
range of values reported for mesoporous TiO2 electrodes upon lithium insertion in aprotic
solvent. The present study is of special interest for the development of devices operating under
mildly aqueous conditions as it demonstrates that electron/proton accumulation within
mesoporous TiO; films can occur massively and rapidly at neutral pH conditions. This, in turn,
indicates that high rate and high power could be achieved for reversible proton
charge/discharge storage within the material. It provides moreover an easy methodology to
distinguish the faradaic current density related to proton insertion from that associated with the

classical electrical capacitance by modifying the concentration of the weak acid.
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1. Introduction

There have been many efforts directed toward ion insertion charge storage in metal
oxide materials using aqueous electrolytes, in order to improve production issues such as low
cost, long lasting and safety that can potentially contribute to large-scale energy storage
applications.! This concept is inspired by the currently used Li*-ion batteries, but replacing
harmful organic solvents by aqueous-based electrolytes and Li* by more earth-abundant cations
whose natural occurrence is well distributed over the planet. This will allow ion insertion
rechargeable batteries to be manufactured with low cost (with abundant cations in aqueous

solution) and higher ionic conductivity.

As the previous study described in chapter 3 was performed at pH 7 with a weak acid
(Hepes) of pKa 7.5, further investigation of the proton-coupled charge storage at mesoporous
TiO> electrodes was achieved by a modification of the electrolyte composition (i.e., pH,

chemical features of the weak acid). This is the objective of the current chapter.

1.1. Questions about multivalent metallic ion insertion charge storage in aqueous

electrolytes

One of the main subjects addressed in this chapter concerns the ability of multivalent
metallic cations to insert within TiO». Recently, several studies evidenced competitive charge
storage capacity values (~ few hundreds mA h g™) at metal oxide-based electrodes soaked into
an aqueous-based electrolytes in the presence of multivalent metal cations such as Al**or
Zn?*.%7 In studies focusing on anode electrodes, significant increase of the charge storage
capacity in TiOz-based electrodes was thus evidenced in presence of Al**-based electrolyte

solutions.?32 The results obtained in these recent studies are summarized in Table 1.

In these studies, the benefit of adding multivalent metal ions to the aqueous electrolyte
in order to increase the charging capacity of metal oxide-based electrodes is undeniable and
clearly related to a redox process occurring at the metal oxide electrode. This has been through
the existence of well-defined reversible waves in cyclic voltammetry and also plateaus in

charging/discharging galvanostatic experiments.?38
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Table 1. Recent studies on charge storage capacity achieved at TiO,-based electrodes in various aqueous

electrolytes.
Anode Putative | Charge storage capacity | Electrolyte Acidity (pH value, | Ref.
materials inserted | (MA h g?) at optimized | electrolyte composition)
ion experimental condition
TiO, Al 75 nd (nd, 1 M AICI3) 2
TiO-NTA | AFYH* | nd acidic (pH 1.0 ~ 25, AICl; or |8
Al(SO4)3 up to 0.5 M)
TiO, AR+ 278 nd (1 M AI(NO3)3) 3
TiO2 Li* 69 basic (nd, 1.5 M LiOH + 4 M KOH) | °
TiOz Li* 135 basic (pH 10, 3.5 M LiCl + 0.25 M | 1°
Li,SOy)
TiO: Li* nd basic (nd, 1 M LiOH) 12
TiO: Li* 52 basic (nd, 2 M LiOH + 4 M KOH) 13

nd = not determined.

By analogy to Li*-ion batteries, this increased charge storage capacity is assumed to be
related to insertion-desinsertion of the multivalent metallic cations within the metal oxide
structure to locally compensate the negative charge arising from the reduction of metal oxide.
Because of its small ionic radius (0.053 nm)*4, it is indeed considered that AI** can be inserted
within the TiO, structure and locally compensate the reduced Ti'V. However, the exact
molecular mechanism related to bulk metal oxide reduction/re-oxidation and concomitant ion
insertion-desinsertion for local charge compensation occurring at the electrode remains unclear
and still a matter of debate. Indeed, it is worth to note here that dissolution of aluminum salts
such as AICls in aqueous solutions results into strong acidification of the solution. Accordingly,
depending on the aluminum salt concentration, competitive proton insertion can occur. Co-
insertion of A" and H* within TiO.-based electrodes was thus proposed under the acidic

conditions induced by dissolution of aluminum salts at molar concentrations (pH < 3).

In addition, it should be noted that the small diameter reported for the AI** ion
corresponds to the dehydrated ion. In aqueous solution, it seems more reasonable to consider
the [Al(H20)6]*" hexa-aquo-complex. This later is characterized by a quite large molecular size
(diameter > 0.38 nm) according to the Al-O internuclear distance of 0.19 nm.® Insertion of
A" within TiO, would thus require most likely ion desolvation prior insertion, which is a

highly energetic process. Moreover, the [Al(H20)s]** complex is a weak acid characterized by
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a pKa value of 4.97 (see Table 2).1® Based on the results presented in the previous chapter, a
fundamental question that is raised about AI** is can it play the role of a proton provider rather

than being an insertion cation.

The first part of the chapter will focus on the analysis of charge storage at mesoporous
TiO: electrodes soaked in aqueous electrolytes in the presence of multivalent metallic ions. We
will more specifically focus on Al**-based electrolytes, taking special care to the pH to avoid
competitive proton insertion from free protons. We have carried out systematic comparison
with acetic acid-based electrolytes, i.e., containing an organic weak acid characterized by a pKa
value of 4.76 (close to that of [AlI(H20)s]*", see Table 2), in such a way to unambiguously
highlight the role of AI** ions.

1.2. Questions about Li* insertion in basic aqueous electrolytes

In our previous study (chapter 3), we demonstrated that Li*-insertion was rather
inefficient as compared to proton-insertion at mesoporous TiO> electrodes. This observation
was made in an aqueous electrolyte stabilized at pH 6.5 ~ 7.0. This result is quite surprising as
in several studies, TiO, electrodes are used as negative electrodes for batteries operating in
aqueous electrolytes containing Li* ions.®% In such studies, charge storage at the TiO
electrode is believed to occur through concomitant Li*-insertion. It is however worth to note
that all of these studies (summarized in Table 1) are performed under strongly basic conditions

which are quite different from the one tested by us (in chapter 3).

In the second part of this chapter, we investigate the effect of electrolyte pH on the
charge storage through proton insertion in mesoporous TiO films. The objective of this study
is to evidence if proton insertion can indeed occur in the entire pH window, and especially
under strongly basic conditions, and to define the proton provider required under these
conditions. For such a purpose, the chemical composition of the electrolyte, i.e. the nature of
the weak acid, was adjusted to the pH in order to keep a significant amount of proton provider.
We thus investigated a large panel of weak acids characterized by different pKa values (see
Table 2).

Table 2. Information on the diverse electrolytes used in the present studies.
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Chemic | Aceticacid | Aluminum Hepes Zinc chloride | Boric acid Ammoniu | Caps Manganese
al name chloride m chloride chloride
Chemic CH3C02H A|C|3 CBH18N204 ZnCIz B(OH)3 NH4C| CnggNOP,S MnClz
al S
formula
of salts
Structur )
8Os SO.
al
formula HSC\C/OH [ mo ) ~ HO~ _~OH T
of salts ” 10y, | ot N HZT B M o
- AR H,0, WOH WNT H,0, \OH
in o H:0/| \0112 [ j Y, ) S oH = \H BRI
agueous | *° ] N Hzo/’ ou, i H/ NH" ||y oo | ~on,
H,0 H,0
solution - -
(acidic
form) Ho
pKa 4.76 5.00% 75 9.0% 9.24 9.25 10.4 10.6

1.3. Presentation of the different GLAD-TIiOz2 electrodes used

In chapter 3, electrode failure was observed when using the classical GLAD-TiO2
electrodes under strong charge accumulation conditions (i.e., upon applying a potential <-1.25
V vs. Ag/AgCl at pH 7.0 for a certain time or upon scanning the potential at a slow scan rate <
50 mV-s™). This was attributed to instability of the underlying ITO material at too negative
potentials. Therefore, it was necessary to find a strategy for increasing the electrode stability in
order to improve the charge storage performances. For such purpose, two types of new
electrodes were prepared by our collaborator (Dr. Kenneth Harris from the Nationnal Intitute

of Nanotechnology, Edmonton in Canada).?

The deposition condition of the mesoporous TiO2
film was not modified (i.e., 1 um film thickness with 72° deposition angle), but the film was
deposited on different underlying thin films to avoid direct exposure of ITO to the electrolyte
solution. Two types of underlying dense layers were used, either a 15-nm thick film of bulk
TiO> deposited on top of the ITO substrate as a protective layer (i.e., first type, GLAD-
TiO2/Ti0O2) or a 0.25-um thick metallic film of Ti deposited on top of a glass substrate allowing

thus to completely avoid ITO (i.e., second type, GLAD-TiO»/Ti).

The SEM images and few structural properties of these new mesoporous electrodes are

given in Table 3. It is worth to mention that the GLAD-TiO2/TiO:x is still transparent, allowing

124



studies by spectroelectrochemistry, whereas the GLAD-TiO»/Ti is not transparent, and was thus

investigated only by electrochemistry.

Table 3. Main characteristics of the three types of GLAD-TIO; electrodes used in this work.

Chapter 3 Chapter 4 Chapter 4
GLAD electrode type TiO, TiO2/TiO; TiO/Ti
Film thickness (jum) 1 1/0.015 1/0.25
Underlying substrate ITO ITO Glass

deposition angle (9 72 72/0 72/0
SEM image (side view) 4

GLAD-TIO, GLAD Ti0,
(1. pim) (Tum) .
| 3
no data '
”~ e
_'IjjO.ZS}Lm) vy
Glass
transparency Yes Yes
photo :
no data

(Transparency is
similar to GLAD-
TiOy)

Electrochemical characterization of the different types of GLAD-TiOz electrodes was
carried out by CVs in 0.3 M KCl electrolyte at pH 3, i.e. in conditions where the concentration
of free protons in solution in negligible (Figure 1). One might notice a small onset potential
difference (~ 24 mV, which is equivalent to pH difference of 0.4) among the different CVs of
Figure 1, which might be due to some pH variation in the unbuffered electrolyte solutions used

(e.g., pH value for 7 falls in the range of 6.8 ~ 7.3).
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Figure 1. CVs of various types of GLAD-TiO; electrodes used in this work (red) GLAD-TiO./TiO,, and (blue
and cyan) GLAD-TiO,/Ti in 0.3 M KCl electrolyte at pH 3. v=0.1 V s, * Intensity increase attributed to
proton reduction (i.e., hydrogen evolution reaction).

As will be discussed later, despite increased charge storage achieved with the GLAD-
TiO2/TiO: electrodes as compared to the previously used GLAD-TiO> electrodes, electrode
failure still occurred under strong accumulation conditions (data not shown). The best
performances were finally obtained with the GLAD-TiO/Ti electrodes, allowed to reach more
negative potential values for long polarization times without electrode failure (Figure 1). Under
these highly cathodic conditions, competitive hydrogen evolution reaction (HER) was
observed with sudden increase of the electron flux density (start symbol, Figure 1). HER was

confirmed by the observation of bubbles formed at the TiO: electrode surface.

Consequently, optimization of the charge storage capacity was performed at GLAD-
TiO2/Ti electrodes, whereas transparent GLAD-TiO/TiOz electrodes were used for preliminary

studies by spectroelectrochemistry.

2. Elucidating the role of multivalent metallic ions in aqueous electrolytes

2.1. Evidencing ion insertion charge storage

In order to evidence the increase of charge storage capacity in the presence of
multivalent metallic ions in solution, we investigated the electrochemical features of GLAD-
TiO2/TiO2 (1 pm/15 nm) electrodes soaked in aqueous solution containing 0.25 M of one of
the following salt: AICls, ZnCl2, or MnCl,, Under such experimental conditions, multivalent
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metal ions (i.e., AI¥*, Zn**, Mn?") predominantly exists in aqueous solution as metal aquo
complex (i.e., general stoichiometry [M(H20)n]?"). It is thus more relevant to express AI**, Zn?*,
Mn?* as [Al(H20)6]**, [Zn(H20)6]?*, and [Mn(H20)6]?, which are characterized by pKa value
of 4.97, 9.0 and 10.6, respectively.'®

The corresponding CVs and CVAs (monitored at 780 nm) at pH 3 are shown in Figure
2. Cyclic scans were initiated at anodic potentials where the semiconductive TiO; films behave
as an insulator. The potential was then increased to sufficiently cathodic values to fully convert
TiO> into a metal-like conductive film, and then the potential sweep was reversed to recover
the initial insulating state. Charging process is occurring during the forward scan and associated
to the blue-black coloration of the GLAD-TiO2/TiO; transparent films, whereas the discharging
process is occurring during the reverse scan. During the discharging process, the initial GLAD-
TiO2/TiOz transparency is completely recovered indicating a fully reversible charge/discharge
process. Potential window was adjusted by considering the pH-dependence of TiO. conduction
band potential (i.e., 0.24 V to -1.01 V at pH 3).18-1°

In the absence of multivalent metallic ions in solution, the CVs show good overlap once
expressed as electron flux density normalized to the scan rate, with intensities almost
independent of the applied potential in the potential window corresponding to a conductive
TiO2 film (i.e., E < Ecs ~ -0.54 V at pH 3). These characteristics are typical of the electrical
double layer capacitance resulting from the high surface area of GLAD-TIiO2/TiO> film, as
expected in an inert KCl electrolyte and in absence of significant amount of free protons (i.e.,
[Hs0*] < 10 M). The corresponding CVAs are also nicely overlapped, demonstrating thus
that the small amount of charge stored at the TiO: electrode is independent of the scan rate (in
the scan rate range investigated here) which also signs a fast electrical double layer charging

process.
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Figure 2. (Top) CVs and (Bottom) CVAs monitored at 780 nm, recorded at GLAD-TiO2/TiO; (1 pm/15 nm)
electrodes in aqueous solutions with either 0.3 M KCI, or 0.25 M of [AlI(H20)s]**, [Zn(H20)6]**, [Mn(H20)6]?*
(indicated on top of the graph, respectively). Currents are converted to electron flux density normalized to the
scan rate, the ordinate is @v = i/FSv with units mol -'cm™. Scan rates: 0.05 V s (black), 0.1 V s (blue), 0.2
V s (purple) and 0.5 V s (magenta). The abscissa for both CVs and CVAs are potential (V) with respect to the
Ag/AgCI (3 M KCI) reference electrode. T = 25<C. All aqueous solutions were adjusted to pH 3.

In the presence of a multivalent metallic ion in solution, once the applied potential lies
within the potential window corresponding to the fully conductive state of TiO,, the
magnitudes of both CVs and CVAs are increased, however to a much larger extend for the
Al¥*-based electrolyte. This charging process is clearly related to a slow faradaic redox process
occurring at the GLAD-TiO2/TiO- electrode as notably evidenced by the broad reversible wave
in CVs and the hysteresis in CVAs. These observations are strongly reminiscent of that
observed previously at pH 7 in the presence of Hepes buffer. We thus attribute the faradaic
current to the reduction/re-oxidation of Ti' ions, a process occurring with the concomitant

insertion of cations from the electrolyte.

At this stage, we can make two hypotheses regarding the nature of the cation inserted
at the TiO2/electrolyte interface. The first one concerns insertion of a multivalent cation M#*
resulting from desolvation of the corresponding metal-aquo-complex (i.e., [M(H20)n]*"). The

ability of the multivalent metallic ion to insert within the bulk TiO; lattice is expected to be
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dependent of its size (see Table 4). We notice that if the ionic radius of AI®* is indeed smaller,
the values reported for Zn?* and Li* remains close, slightly lower than the value of Mn?*, and
much lower than the value reported for K*, the latter being definitely too large to be inserted
in the metal oxide structure. Based on these data, insertion of all the three metallic ions used in
the present study can indeed be envisioned. However, desolvation of the metal-aquo complex
costs a high energy (see Table 4) to remove the solvation shell which should be a very

unfavorable parameter for insertion, especially in the case of AI®*.

Table 4. lonic radii (nm) and hydration energy (kJ mol™) of selected cations.4°

Cation Tion = MG
AP 0.083 4525
Li* 0.069 475
Zn** 0.075 1955
Mn* 0.083 1760
K 0.138 295

The second hypothesis is to envision a proton-coupled electron storage mechanism
despite the absence of significant amounts of free protons in solution at pH 3.0. In that case,
the proton would be provided by the [M(H20)a]*" weak acid, according to Eq. 1. It is worth to
note here that [AI(H20)s]*>" complex is a much stronger weak acid than [Zn(H20)s]** and
[Mn(H20)s]** complexes, which could explain the higher amount of charge stored through ion-
insertion in the Al**-based electrolyte as compared to the Mn?*- and Zn?*-based electrolytes
(Figure 2).

[M(H,0),]*" + H,0 < [M(HZO)(n—l)(OH)](Z_1)+ + H;0% (1)

In order to elucidate the exact role of Al**-based electrolytes in the ion-insertion charge
storage mechanism occurring at mesoporous TiOz films, we decided to make a quantitative
comparative study of the electrochemical charging of GLAD-TiO2/TiO2 (1 pm/15 nm)
electrodes soaked in two kind of aqueous electrolytes of pH 3.0. In the following section, we
thus compared the results obtained in an Al**-based electrolyte with those obtained in an acetic
acid-based electrolyte, which is a weak acid (pKa = 4.76) of similar strength as compared to
[Al(H20)6]*" (pKa = 4.97).
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2.2. Mechanistic investigation of ion insertion charge storage
CVs and CVAs recorded in presence of weak acids (i.e., acetic acid or [Al(H20)s]*").

The CVs and CVAs (monitored at 780 nm) simultaneously recorded at GLAD-TiO2/TiO>
(1 pm/15 nm) electrodes soaked in aqueous solutions with increasing amount of either acetic
acid or [Al(H20)s]** are reported in Figure 3 and 4. The range of concentration investigated
was 0 to 250 mM for both weak acids, and the pH was systematically adjusted to a value of 3.0
(the value spontaneously obtained upon dissolution of 250 mM of AICIs in milli-Q water). The
upper limit of the concentration range was fixed by the AICI3 salt as dissolution of higher
amount of AICI3 resulted into more acidic solutions and thus in a higher competitive proton
insertion arising from free protons. It is worth to note here that both electrolyte solutions are
not buffered at pH 3.

Once the applied potential lies within the potential window corresponding to the fully
conductive state of TiO., shapes and magnitudes of both CVs and CVAs exhibit strong
differences as a function of the weak acid concentrations (Figures 3 and 4). The onset potential
at which both current and absorbance start to increase at pH 3.0 (-0.38 V is fully consistent

with the reported Nernstian pH dependence of the TiO, conduction band edge.'®1°

In this potential window where TiO> is conductive, the strong increase in current is
linked to the growth of a well-defined reversible wave on top of the capacitive current. It is
worth to note here that the CVs and CVAs recorded in presence of identical concentrations of
acetic acid or [Al(H20)s]** show great similarities. These similarities concern not only the
quantity of charge stored during a scan (being directly linked to the variation in absorbance)
but also the mechanism of the charging/discharging process on account of the identical shapes
observed on the CVs in both electrolytes. The results obtained here are moreover strongly
reminiscent of those presented in chapter 3 and attributed to the reversible Ti'VO,/Ti""OOH

redox couple.
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Figure 3. (Top) CVs recorded at GLAD-TiO2/TiO; (1 pam/15 nm) electrodes in pH 3 aqueous solution containing
0.3 M KCI complemented with increasing concentration of acetic acid (reported on top of the graphs). See legend
of Figure 4 for details.
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Figure 4. (Top) CVs recorded at GLAD-TiO2/TiO; (1 pm/15 nm) electrodes in aqueous solutions containing 0.3
M KCI and increasing concentration of [Al(H20)s]** (reported on top of the graphs) up to 100 mM or without
KCl and 250 mM [Al(H20)s]** to maintain similar ionic strength (pH 3). Currents are converted to electron flux
density normalized to the scan rate. The ordinate @v = i/FSv is in mol 3/-'cm. Scan rates: 0.05 V s (black), 0.1
V st(blue), 0.2V s (purple) and 0.5 V s (magenta). (Bottom) corresponding CVAs monitored at 780 nm during
each CV performed at different scan rates (same color code). The ordinate is in absorbance unit. The abscissa for
both CVs and CVAs is the potential (V) vs. Ag/AgCI (3 M KCI). T=25<C.
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During the charging process (forward scan), the reductive cathodic wave seems to be
associated with the faradaic charging process leading to the reduction of Ti'V ions within the
TiO2 lattice coupled with cation uptake for local charge compensation as demonstrated by
protonation of Ti'V ions in chapter 3. During the following discharging process (reverse scan),
a well-defined re-oxidative peak is observed in the presence of [AlI(H20)s]**, allowing to
determine a formal potential of -0.82 V at 0.1 V s in presence of 0.1 M [AI(H20)6]**. In the
case of acetic acid, the presence of two overlapping re-oxidative peaks attests a more complex
discharging mechanism. By taking into account the second re-oxidation peak positioned at -
0.62 V, a formal potential of -0.82 V is also calculated at 0.1 V s in presence of 0.1 M of
acetic acid. Attribution of the faradaic process occurring here to the Ti'VO2/Ti"™OOH redox
couple is further confirmed by the formal potential value (E”). This value is expected to shift
by =60 mV per unit of pH increase, and the value obtained at pH 3.0 (i.e., — 0.82 V) is quite
consistent with the values obtained previously at pH 7.0 and 1.85 (see Table 5).

Table 5. Main features of ion-insertion charge storage extracted from CVs and CVAs

reported in chapter 3 and this chapter (Figure 3 and 4).

pH 1.85 7 3 3
Electrolyte Hepes buffer + o
. HCI + KClI acid acid + KCI [Al(H20)s]%*

composition KCI

. . GLAD- GLAD-
Electrode used GLAD-TiO2 GLAD-TiO2 . . . .

TiO2/TiO2 TiO2/TiO2

[H30*] (mM) 14 ~0 ~1 ~1
[AH] (mM) - 77 98 98
Eonset (V)2 -0.30 -0.60 -0.38 -0.38
E” (V)P -0.68 -1.06 -0.82 -0.82
AArgo™™" 0.51 0.34 05 0.53
g780 (Mt cm?) 1200 800 1000 1000
ref. Chapter 3 Chapter 3 This work This work

2 Potential characterizing the onset of absorbance at 780 nm.
b Formal potential obtained from the average of cathodic and anodic peak potentials at the slowest scan rate.
*v=0.1Vsl
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Kinetic analysis of the ion insertion charge storage mechanism.

In this section, we used the same methodology as the one presented in chapter 3 to
perform a quantitative analysis of the ion-insertion charging process based on the cyclic

voltammetric data.

The electron flux density of the reversible faradaic wave is obviously not proportional
to the scan rate, as evidenced in Figures 3 and 4. CVs recorded at different proton donor
concentrations were thus systematically corrected from the electrochemical double-layer
capacitance contribution by subtracting CVs recorded in 0.3 M KCI at the same pH and scan
rate. Once corrected and normalized to v, the resulting CVs gathered in Figure 5 show good
overlap, especially in terms of the magnitudes of cathodic peaks. This indicates a
charging/discharging process limited by a diffusion-controlled mass transport, as previously
observed for the proton-coupled electron storage mechanism described in chapter 3.
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Figure 5. (Top) CVs previously presented in different concentration of acetic acid solution (pH 3) with correction
to remove the capacitive contribution to the total current (i.e., by subtracting the CVs recorded in 0.3 M KClI).
(Bottom) CVs previously presented in different concentration of [AI(H20)s]** (pH 3) with correction to remove
the capacitive contribution to the total current (i.e., by subtracting the CVs recorded in 0.3 M KCI). Currents were
all converted to electron flux density normalized to the square root of scan rate. Scan rates: 0.05 V s (black), 0.1
V st (blue), 0.2 V s (purple) and 0.5 V s (magenta). The abscissa for both the CVs and CVAs are potential (V)
with respect to the Ag/AgCl (3 M KCI) reference electrode. T = 25<C.
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The intensity of the faradaic cathodic wave normalized to v¥? was plotted as a function
of the weak acid concentration (Figure 6). At low weak acid concentration, i.e. below 100 mM,
a linear dependence is observed, indicating that the reversible faradaic process is rate-limited
by the solution diffusion of the weak acid in both electrolytes. At higher weak acid
concentrations, the experimental data deviates from linearity, which indicates that another
diffusion process becomes progressively rate-limiting. This behavior is very similar to that
reported in chapter 3 for mesoporous TiO: electrodes soaked in a Hepes buffer solution. A
progressive transition from a rate-limitation by mass transport of the proton donor in solution
to a rate-limitation by the solid-state diffusion of protons within the TiO: lattice was indeed

observed upon increasing the proton donor concentration.

At low weak acid concentration, it is thus possible to estimate the diffusion coefficient
of the weak acids in solution. If we consider that the reversible cation-coupled electron transfer
reaction at the TiOo/electrolyte interface is fast (i.e., a Nernstian interfacial reaction), the

following Randles—Sevcik equation can be applied for both reactions:

brp i p F
171/2 = FSUl/Z = 0.4463 ﬁ AY; DAH,out [AH] (2)

where ¢, and i, are the faradaic peak flux density (C-mol™ €m™) and peak current (A), v
is the scan rate (V s71), S is the delimited geometric electrode area (or projected electrode area,
cM?); Dap oue (cM? s71) and [AH] (mol €m™3) are the diffusion coefficient and concentrations
of acetic acidtion or [Al(H20)6]*" in the bulk aqueous solution. The geometric electrode area is
utilized in this equation due to the fact that the diffusion layer thickness of the soluble proton
donor is much larger than the 1 gm film thickness of GLAD-TiO> within the range of scan rates
used in the present study.
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Figure 6. Cathodic peak electron flux density normalized to v and plotted as a function of proton donor
concentration: (red) acetic acid and (orange) [Al(H20)s]** aqueous solution. Dashed lines correspond to the linear

regression fits of equation 2 to the data determined at low proton donor concentration up to 100 mM.

From the linear regression fit of Eq. 2 to the linear part of experimental plots in Figure
6, it is possible to extract the diffusion coefficient D,y o,,¢ OF either acetic acid or [Al(H20)s]**
in aqueous solution. Values of 3 x10%cm? s *and 4 x107® cm? s~ were found for acetic acid
and [Al(H20)s]**, respectively. While the value obtained for the AI** complex is very similar
to the one reported in the literature (i.e., 5.4 x107° cm? s71)%°, the one obtained for acetic acid
is somewhat lower (i.e., 1.1 ~ 1.3 x107° cm? s71)2%2L, |t has however to be mentioned here that
Eqg. 2 is valid only at low concentrations of weak acids. According to the limited experimental
data available at low weak acid concentrations, the experimental values determined here are
subject to significant uncertainty. This analysis demonstrates that in both electrolytes, diffusion
of the weak acid is rate-limiting at low concentrations. However, it does not allow to conclude

in the case of AI®* on the nature of the inserting cation.

A way to identify the nature of the inserted cation would be to determine the diffusion
coefficient of the inserted cation within the bulk TiOz lattice. It could be achieved by increasing
the weak acid concentration sufficiently in such a way to be no more controlled by the mass
transport in solution but instead by the masse transport in the solid phase. Unfortunately, as
discussed previously, it was not possible to increase more the AlICIs concentration because of
pH considerations. It would have been interesting to compare the values obtained in the two
electrolytes, which would have been additional evidence of proton insertion if similar values

had been obtained.
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Estimation of the charge storage capacity.

The total charge density Q (in C €m™2) stored in the 1 um thick GLAD-TIO; film can
be easily determined either from the absorbance change monitored at 780 nm or from

integration of current density using the following Eq. 3:

AA
Q= _ AA7g0 f dt
F 10006, |5

where AA-g, and -4, are the absorbance variation and extinction coefficient of stored electron
at 780 nm, F the faradaic constant (96500 C mol?), i the applied current (in A), and S

geometric surface area (in cm?).

In this work, the charge storage capacity was estimated from either CVAs or
galvanostatic experiments (see below). CVA has the advantage, compared to CV, of being free
from the competitive faradaic contribution arising from the HER during the charging process,

whereas galvanostatic experiments are commonly used in the battery research field.

From the total charge density Q, it is possible to calculate the total charge storage

capacity (in C g1) of the electrode according to the following Eq. 4:

Q(C-cm™)
d(g-cm=3) x1l(cm)

=Q(C-g7H ¥

with Q the charge density, d the film density (i.e., 2.5 10 g em™ for GLAD-TiO,) and [ the
film thickness (i.e., 10 cm). The coulomb (C) can be also expressed by the product of current
(A) and time (t), thus the charge storage capacity can be converted to mA h g, which is the

unit commonly used in the battery field.

It has to be mentioned here that the total charge storage capacity estimated by Eq. 4 has
two contributions, one arising from the electrical double layer (i.e., EDLCs, in absence of
proton donor in solution) and the second one arising from the ion-insertion charge storage (i.e.,
in the presence of a proton provider). In the present study, the charge stored by ion-insertion
during the time-course of a CV recorded at 0.1 V s7* in presence of 0.1 M of acetic acid or
[Al(H20)6]®* was estimated to be 34 mC ¢m2 (141 C g% or 39 mA h g1) and 38 mC e¢m2
(150 C gt or 42 mA h g1), respectively. These values are very close to each other, and slightly
higher than the one obtained at the same scan rate in 0.1 M Hepes at pH 7 (i.e. 25 mC €m™2 or

101 C gt or 28 mA h g?). Still, they remain far from the maximal value expected if one
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assumes that the TiO; lattice can accommodate up to 50 % of Ti'"" ions, which corresponds to
a maximal ion-insertion charge storage capacity of 165 mA h g™. This could be due to the
short time window explored during a cyclic voltammetric scan (reduction occurs within ca. 10

sat 0.1V s1), impeding to reach thermodynamic equilibrium and thus a high accumulation.

Analysis of the charge storage capacity by galvanostatic experiments.

In order to investigate charge storage on longer time scales than the one provided by
cyclic voltammetry, and to get closer to battery operating conditions, we performed
galvanostatic experiments to further analyze the charging/discharging process occurring at
mesoporous TiO; films soaked in the acetic acid or AI**-based electrolytes. These experiments
were initially performed on the GLAD-TIO./TiO> electrodes wused for the
spectroelectrochemical experiments described above. However, even if these electrodes are
more stable as compared to the GLAD-TIiO- electrodes used in chapter 3, electrode failure was
still observed under strong charge accumulation conditions. Accordingly, the ITO protection
by a 15 nm thin film of bulk TiO2 was not completely satisfactory. Therefore, GLAD-TiO/Ti
electrodes were also used for galvanostatic experiments, allowing us to optimize the charge

storage capacity of the mesoporous TiO film in the aqueous electrolytes.

Galvanostatic experiments were performed at GLAD-TiO2/TiO2 and GLAD-TiO/Ti
electrodes in either 0.3 M KCl or 0.25 M acetic acid with 0.3 M KCI, or 0.25 M [Al(H20)6]**
at pH 3 (Figure 7). In these studies, the anodic cut off potential associated to full discharging
was set to +0.24 V at pH 3, a potential at which TiOz is fully insulating. The cathodic cut-off
potential was set to values ranging from -0.82 V, which corresponds to the formal Ti'/Ti"V
potential determined by CVs at pH 3, to -1.12 V. The galvanostatic experiments were moreover
preformed at different current densities of 2, 1, 0.4, and 0.2 mA €m. These values can be
expressed as charging rates (C) as commonly used in the battery field. The C-rate is a rate
measurement when a battery is charged or discharged relatively to its maximum capacity. A
C-rate of 1 C corresponds thus to the current value required to fully charge or discharge the
electrode in one hour. By assuming a theoretically maximum proton insertion charge storage
capacity of 165 mA h g (i.e., 0.5 mole fraction of protonated Ti*" site by analogy of the Li*
insertion, see chapter 3), the current range density of 2 to 0.2 mA €m used here corresponds

to C-rates values of 45 to 4.5 C. In the following section, the charge storage capacity (i.e., state-
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of-charge) was determined from the discharging process in such a way to avoid contribution
from the hydrogen evolution reaction (HER) occurring during the charging process (see below).

GLAD-TiO,/TiO, GLAD-TiO,/Ti GLAD-TIO,/Ti
(Current-dependent) (Current-dependent) (Cut off E-dependent)

-1.12 V (Cut off E)
0.82 V (Cut off E)

0.54 V (E_, at pH 3)

KCI0.3 M
S 1 -1.12v
(@)]
< 0.82V
[s)
< -0.54 V
g' [AI(H20)6]3* 0.25M
a 112V
]
-0.82V
.-0.54 V
Acetic acid 0.25 M
(+ 0.3 M KCI)

4I0 ' BIO .150'0 . 4|0 I SIO
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Figure 7. Galvanostatic (dashed line) charging and (solid line) discharging curves recorded at (left column)
GLAD-TiO2/TiO2, (middle and right column) GLAD-TIiO/Ti electrodes soaked in (top line) 0.3 M KCI, (middle
line) 0.25 M [AI(H206]**, and (bottom line) 0.25 M acetic acid with 0.3 M KCI aqueous solution at pH 3. (Left
and middle column) Cut off potential is fixed at -0.82 V and the applied current density is (black) 2 mA ¢m2,
(magenta) 1 mA €m, (green) 0.4 mA €m2, and (violet) 0.2 mA ¢m2. (Right column) The applied current density
is fixed at 0.4 mA €m2 and the cathodic cut off potential is (green) -0.82 V, (olive) -0.92 V, (dark yellow) -1.02
V, and (dark cyan) -1.12 V. T = 25 <C. Grey dotted line indicates the position of the cut off potential values (-1.12
V and -0.82 V) and conduction band potential of TiO; at pH 3 (-0.54 V). Q indicates the charge storage capacity
in mA h g1 Small alphabet letter relies to discussion in the main text.

Firstly, in the 0.3 M KCI electrolyte, the charge storage capacity remains low (< 25
mA h g1) whatever the experimental conditions. This is fully consistent with the absence of
proton donor, restricting thus the charge storage to the establishment of the electrical double
layer at the TiOy/electrolyte interface. Still, the charge storage capacity (Q) is almost
independent of the applied current density, and it increases slightly as the cathodic cut-off

potential decreases (Figure 7, a), which is as expected. The data obtained at GLAD-TiO2/TiO>
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and GLAD-TiO2/Ti electrodes are very similar, which further confirms that the morphology of

the mesoporous film is quite independent of the underlying layer of metallic Ti or bulk TiO2.

In the presence of weak acids (i.e., either acetic acid or [Al(H20)6]*"), the charge storage
capacity is significantly increased, which is attributed to the contribution of the faradaic redox
process occurring at the bulk Ti'"V/Ti'' redox couple coupled to ion-insertion. Upon decreasing
the current density from 2 to 0.2 mA €m (i.e., from 45 to 4.5 C) rates at a fixed cathodic cut-
off potential of — 0.82 V, the total charge storage capacity is increased up to a constant value
of ca. 45 mA h g in both electrolytes below 0.4 mA e¢m2 (Figure 7, b and Figure 8). This
indicates that charge storage occurs under thermodynamic equilibrium so that proton insertion

is no longer rate-limited by diffusion.

Under these conditions (current density fixed at 0.4 mA €m), we then investigated the
effect of lowering the cathodic cut-off potential down to -1.12 V. This could only be achieved
with the GLAD-TiOTi electrode (Figures 7 and 8). We first notice that the time required to
reach the cathodic potential value (associated to the charge passed through the electrode during
the charging process) increases more rapidly than the time required to discharge the electrode
(Figure 7, d). This indicates that a competitive faradaic reaction occurs at low potential,
consuming electrons during the charging process. It is attributed to HER that was confirmed
through the formation of small bubbles at the TiO. electrode under strong accumulation
conditions. Consequently, the coulombic efficiency (CE,% ) of charge storage at the
mesoporous TiO> electrodes decreases as the cathodic cut-off potential value is dowshifted.
The CE is indeed defined as the ratio of the number of charges passed during the charging

process (Qcnarging) COMpared to the number of charges extracted from the materials during

discharging process (Qgischarging) according to the following Eqg. 5:

Qdischarging

Coulombic Efficiency (CE,%) = x 100 (5)

Qcharging

In order to get better insights into this value, which is a main parameter to envision
battery applications, the total charge storage capacities as well as the corresponding coulombic
efficiencies extracted from the experiments shown in Figure 7 are reported in Figure 8 at
different current densities or cathodic cut-off potentials. Satisfactory CE values (> 90 %) are
obtained under moderate accumulation conditions, i.e. j > 0.4 mA cm2 and Ecathodic cut-off > -0.92

V. As the current density is further lowered or the cathodic potential further downshifted, CE
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significantly decreases which means that the competitive hydrogen evolution reaction is most
likely a slow process as compared to ion-insertion.

Despite competitive HER, downshifting the cathodic cut-off potential value to -1.12 V
allowed to significantly increase the charge storage capacity (Figures 7 and 8). Maximal values
of 116 and 111 mA h g where obtained in acetic acid and AI**-based electrolytes, respectively.
By taking into account that ca. 25 mA h g are associated to the electrical double layer, this
value indicates that ca. 27 % of the Ti'V ions can be reversibly reduced to Ti'"" in both
electrolytes under our experimental conditions. It is again worth to note that the alvanostatic
experiments achieved either in the acetic acid or Al**-based electrolyte at pH 3.0 are very
similar. It concerns not only the charge storage capacity and its time dependence, but also the

coulombic efficiency.
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Figure 8. (Black) charges storage capacities and (blue) coulombic efficiencies obtained from galvanostatic
experiments performed in (dot) 0.3 M KCI, (diamond) 0.25 M AIClIs, and (star) 0.25 M acetic acid with 0.3 M
KCl aqueous solution at pH 3.0. (Left) cut-off potential was fixed to -0.92 V and current densities were decreased
from 2.0 to 0.2 mA ¢m2. (Right) current density was fixed to 0.4 mA €m and cathodic cut off potential was
progressively downshifted from - 0.82 to -1.12 V. Potentials (V) are given with respect to the Ag/AgClI (3 M KCI)
reference electrode. T = 25<C.

2.3. Conclusion

We demonstrated in the previous sections that mesoporous TiO; films exhibit the same
charging properties in presence of either acetic acid or AI**, whatever the electrochemical
methodology used and the associated time window. This means that the ion-insertion
mechanisms occurring in both electrolytes share common kinetic as well as thermodynamic

features.
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In the presence of acetic acid, it is rather clear that Ti'V reduction is associated to proton
uptake, as already reported for the Hepes weak acid, and that the charging/discharging

equilibrium is the following:
TiO, + xe™ +x CH;COOH < TiOOH, + x CH;C00~ (6)

The thermodynamics of the process is governed by the Ti'VO./Ti'""OOH standard
potential, while the kinetics is governed by mass transport of diffusion of either the weak acid
in solution (at low acetic acid concentrations) or the inserted proton in the solid phase (at high
acetic acid concentrations). Accordingly, the heterogeneous proton-coupled electron transfer
reaction at the TiOo/electrolyte interface is never rate-limiting.

In the case of AI®*, two different equilibria can be envisioned, depending on the
insertion cation. If one assumes that AI** is capable of insertion within the metal oxide structure,

then charge storage should occur through Eq. 7:
TiOy + xe” +%/3 A" © TiO0Alx), (7)

In such a case, the charge storage process would be centered on the Ti'VO/Ti""OOAIo 33
standard potential, and consequently it would be surprising of it is located at the same value
than the Ti'VO2/Ti"'OOH couple. It would also be curious that the cation-coupled electron
transfer at the TiO2/electrolyte interface remains fast as it would require desolvation of the
[AI(H20)6]** complex. It would thus be rather surprising that such a charge storage mechanism
will lead to similar results as the one reported in acetic acid.

We are thus quite convinced that the role of AIP* is to provide protons at the
TiOz/electrolyte interface and that all of the results we obtained thus converge toward the
following charge storage mechanism in the presence of AI** in solution:

TiO, + x e™ + x [Al(H,0)6]3* < TiOOH, + x [AL(H,0)s(OH)]** (8)

That the complex [Al(H20)6]** can act as a proton donor in the same way as an organic
weak acid suggests that it may be a general features of multivalent metal aquo complexes,
occurring thus also in presence of [Zn(H20)s]*" and [Mn(H20)s]?*. In the case of TiO,, we
noticed in section 2.1 that the efficiency of the process was much lower in the presence of such
weak acids. We assume that this might be due to the much higher pKa of these complexes as
compared to [Al(H20)6]**. The increase of pH on the efficiency of the process will be
investigated in the following section 4.1.
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The demonstration that certain inorganic salts allow rapid and massive insertion of
protons in aqueous solutions sheds new light on many results published in the literature where
the charging or discharging process is putatively attributed to the insertion of multivalent metal
cations. This is for sure the case for a range of works in which nanostructured TiO: electrodes
has been investigated in the presence of Al**-based electrolytes.3® But it is also the case for
other studies assuming Zn?* insertion in MnO--based or V»Os-based cathode electrodes under
slightly acidic aqueous conditions.?*?* In all of these studies, the weak acid property of the
multivalent metallic aqua complex should be considered to allow for a complete picture of the

charging / discharging mechanism.

3. Optimization of charge storage in acetic acid

Based on the nice results obtained at GLAD-TiO2/Ti electrodes soaked in a 250 mM
acetic acid aqueous electrolyte of pH 3, we decided to work further on optimizing the
electrolyte composition in order to increase both the charge storage capacity and the coulombic
efficiency. We thus decided to work in a buffered solution, in order to avoid pH-gradient at the
TiO2 interface during the charging/discharging process. All galvanostatic experiments were
thus performed in an acetic acid/acetate aqueous solution at pH 5. The indicated buffered
electrolyte concentration at pH 5 is thus the sum of the weak acid (i.e., acetic acid, pKa = 4.76)

and conjugate base (i.e., acetate) concentrations.
0.25 M acetic acid/acetate buffer at pH 5.

The cathodic cut-off potential in galvanostatic experiments (i.e., potential window in
CVs) was adjusted taking into account the Nernstian pH dependence of -60 mV/pH unit of both
Ecs of TiO2 and E” rioonmio2.282° Thus, in order to make equivalent thermodynamic conditions
for charge storage, the cathodic cut-off potential was downshifted by 120 mV between pH 3
and 5 (i.e., the cathodic cut-off potential range studied at pH 3 was from -0.82 to -1.12 V,
whereas it was from -0.94 to -1.24 V at pH 5). The results of the galvanostatic experiments
carried out in 0.25 M acetic acid/acetate buffer in presence of 0.3 M KCl are given in Figure 9.
Unfortunately, the cathodic cut off potential could not be decreased at more negative values
than -1.14 V in 0.25 M acetic acid/acetate buffer with 0.3 M KCl at pH 5 due to the irreversible
loss of electrode (data not shown). This might be due to some structural changes at the TiO>

electrode due to massive HER under strong accumulation conditions.
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In order to check if the cathodic cut-off potential was well adjusted to the pH shift, the
charge storage capacities obtained at pH 3 and 5 in the inert 0.3 M KCI electrolyte were
compared. Same charge storage capacities are indeed obtained at pH 3 (11 and 15 mA g h™* at
-0.82 and -0.92 V cathodic cut off potentials) and pH 5 (12 and 14 mA g h™* at -0.94 V and -
1.04 V cathodic cut off potentials) upon 120 mV downshift of the cathodic cut-off potential

range (equivalent cathodic cut off potential) investigated at a current density of 0.4 mA ¢m™.
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Figure 9. Galvanostatic (dashed line) charging and (solid line) discharging curves at GLAD-TiO2/Ti in (A, D) 0.3
M KCI and (B, E) 0.25 M acetic acid/acetate buffer with 0.3 M KCI at pH 5. (A, B) Charge storage capacity
(mA g h?) as a function of applied current density value of (black) 2 mA €m2, (magenta) 1 mA €m2, (green) 0.4
mA ¢m?, and (violet) 0.2 mA e€m with cathodic cut-off potential of -1.14 V. (D, E) Charge storage capacity
(mA g h?) as a function of cut-off potential value of (black) -0.84 V, (magenta) -0.94 V, (green) -1.04 V, and
(violet) -1.14 V with applied current density of 0.4 mA ¢m™2. (C, F) (black color, left label) Charge storage
capacity value and (blue color, right label) corresponding coulombic efficiency of (A and B) for (C), (D and E)
for (F). Round symbol is under 0.3 M KCI at pH 5.0 and star symbol is under in 0.25 M acetic acid/acetate buffer
aqueous buffer solution with 0.3 M KCl at pH 5.0.

In the presence of acetic acid and by using a fixed cathodic cut-off potential of -1.14 V,
the charge storage capacity was increased up to a constant value of 135 mA h g as the current
density was progressively decreased from 2 to 0.2 mA €m2. Accordingly, charging occurs

under thermodynamic equilibrium conditions at current densities below 0.4 mA €m=2. In the
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same time, the coulombic efficiency is decreased from 85 to 58 % due to the increasing
competitive HER (i.e., proton reduction) that occurs during the charging process (Figure 9B
and 9C).

With the current density fixed at 0.4 mA €m, the charge storage capacity is increased
up to 135 mA h g as the cut-off potential is progressively decreased from -0.84 to -1.14 V,
whereas coulombic efficiency is gradually decreased down to 70 % (Figure 9E and 9F). The
maximal charge storage capacity as well as the corresponding coulombic efficiency obtained

in 0.25 M acetic acid/acetate at pH 3 are reported in Table 6.

Table 6. The maximal charge storage capacity features comparison between pH 3 and 5. Electrolyte composition

is 0.25 M acetic acid/acetate aqueous solution with 0.3 M KCI.

pH 3 3 5
[HsO*] (mM) ~1 ~1 ~0.01
[AH] (mM) 245 245 91
?i’i‘i‘:ﬂ;“”e”t dersity | 0.4 0.4 0.4
Cathodic cut off E (V) -1.02 -1.12 -1.14
aQgpL (MA h g) 20 25 19
bQu: (MA h gh) 78 91 116
CE (%) 83 75 70

2 QepL indicates the charge storage capacity arising from the electrical double layer determined in 0.3 M KCI.
® Qu+ indicates the optimized charge storage capacity by proton coupled faradaic electron accumulation.

It is worth to note here that, while the cathodic cut-off potential values used are close,
the results obtained at pH 3 and 5 are very similar. This is unexpected as a cut off potential of
-1.14 V at pH 5 should be rather equivalent to a cut-off potential of -1.02 V at pH 3. This is not
what we observed and the charging capacity obtained at pH 5 (i.e., 116 mA h g1) is much
higher than the one obtained at pH 3 (i.e., 78 mA H g1) at an equivalent potential (i.e., -1.14
V for pH 5 and -1.02 V at pH 3). This could be due to some uncertainty in the exact pH value
near the electrode in the unbuffered pH 3 electrolyte. Indeed, charging is associated to proton
uptake and it could thus result into a local pH increase near the electrode. Such an effect should
be minimized by using the buffered electrolyte of pH 5. However, the coulombic efficiency

remains quite low at pH 5.
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Interestingly, there have been some studies evidencing that increasing the electrolyte
concentration might help to increase the potential window by solving the problem of both HER
and OER (oxygen evolution reaction) occuring in aqueous electrolytes.?>?’ In a study on an
aqueous potassium-ion battery, an increase of the potassium acetate concentration up to 30
molal (mol kg!) was shown to decrease the activity of water and as a result to reduce the
competitive HER reaction at the negative TiO2-based electrode.?®

In the present study, there are two ways to increase the electrolyte concentration, by
increasing either the concentration of the buffer or the concentration of the KCI supporting
electrolyte. Thus, in the following study, we investigated the effect of increasing the acetic
acid/acetate buffer concentration up to 8 M on the charge storage capacity and on the coulombic
efficiency of the mesoporous electrodes. We systematically compared with the result obtained
in 0.25 M acetic acid/acetate buffer solution (and 0.3 M KCI) or 0.25 M acetic acid/acetate
buffer (and 2 M of KClI).

8 M of acetic acid/acetate buffer at pH 5.

Firstly, in order to improve the charge storage capacity, we performed galvanostatic
experiments at a fixed current density of 0.2 mA €m by using a cathodic cut-off potential
range of -0.74 to -1.24 V (Figure 10).

These results show a perfect overlay of the charge storage capacity obtained in the range
-0.94 to -1.14 V in the different electrolyte solutions of pH 5 investigated here. This
demonstrates that increasing the KCI supporting electrolyte concentration from 0.3to 2 M ina
0.25 M acetic acid/acetate buffer has no significant influence on the charge storage capacity.
In addition, increasing the buffer concentration has no effect on the charging capacity in this
potential range. This further confirms that, at the current density used, charging is not rate-

limited by the mass transport of weak acid in solution, as already previously mentioned.
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Figure 10. (top) Galvanostatic curves obtained during (dashed line) charging and (solid line) discharging and
(bottom) charge storage capacities (mA g h') obtained at a GLAD-TiO/Ti as a function of cut off potential from
-0.74 V to -1.24 V with applied current density of 0.2 mA <m2. The aqueous electrolyte solution is adjusted to
pH 5 and contains (grey and black) 0.3 M KCI, (light pink and magenta) 0.25 M acetic acid/acetate buffer with
0.3 M KClI, (violet and purple, star symbol) in 0.25 M acetic acid/acetate buffer with 2 M KCI, (dark cyan, cyan,

and blue) 8 M acetic acid/acetate buffer.

In 8 M acetic acid/acetate buffer it was possible to further decrease the cathodic cut-off
potential down to -1.24 V without electrode failure. Under these conditions, a maximal total
charge storage capacity of 161 mA h g was obtained, which is very close to the theoretical
value (i.e. 165 mA h g) calculated assuming that protons can insert into TiO2 up to a 0.5
molar fraction (by analogy with Li* in anatase TiO2). However, as already mentioned, the total
charge storage capacity (Q) deduced from galvanostatic experiments corresponds not only to
the ion insertion faradaic charge storage, but also to the electrical double layer surface charge
storage. The charge storage capacity associated to proton insertion was thus estimated to be
128 mA h g by subtracting the charge stored in the inert KCI electrolyte under the same
galvanostatic conditions (i.e., 33 mA h g1). This implies that 20 % of total stored charge results
from EDLC (i.e., 33 mA h g1) of GLAD-TiO/Ti film, while the remaining 80 % (i.e., 128
mA h g1) arises from the proton-coupled electron transfer reaction within the GLAD-TiO,/Ti

film. The proton insertion charge storage capacity of 128 mA H g* in 8 M acid/acetate buffer
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corresponds thus to the reductive protonation of ~ 40 % of the total titanium ions in the lattice
and is thus equivalent to x value of 0.4. According to the literature, it is possible to reach higher
charge storage capacity with TiO> electrodes soaked in aqueous solutions,® however, we were
not able to further improve it in the present work because of the competitive HER. Further
work is required to find the proper electrolyte and electrode composition in order to avoid HER

and maximize proton-coupled electron storage.

In a second study, we focus on improving the coulombic efficiency of charge storage
in 8 M acetic acid/acetate buffer of pH 5.0. We selected experimental conditions allowing to
reach a charge storage capacity higher than 100 mA H gX. The experiments conducted and the
results obtained are summarized in Table 7.

Table 7. Charge storage capacity (mA h g*) and coulombic efficiency (%) obtained from galvanostatic
charging/discharging experiments conducted at GLAD-TiO,/Ti electrodes
soaked in a 8 M acetic acid/acetate buffer solution (pH 5.0) for different cathodic cut-off

potential (V vs. Ag/AgCl) and applied current density (mA €m-?).

Current  density | Cathodic cut off
) Q(MAhgY) | CE®)

(mA €m™) E (V)

0.2 -1.04 101 84

0.2 -1.14 147 72

0.2 -1.24 161 62

0.4 -1.14 128 82

1 -1.24 148 85

Under conditions allowing to reach the maximal charge storage capacity of 161
mA h g (i.e., with an applied current density of 0.2 mA €m and a cathodic cut-off potential
of -1.24 V), the coulombic efficiency is rather low (i.e., 62 %) due to competitive HER
occurring during the charging process. We previously evidenced that CE can be increased upon
increasing the current density. We confirm this tendency, and CE can be increased up to 85%
upon increasing the applied current to 1 mA €m. It is however at the expense of the charge
storage capacity that is simultaneously decreased to 148 mA H g*. This last value remains
however competitive, especially if one considers the very high rate used in the galvanostatic
experiment (i.e., 5 C).
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Finally, increasing the buffer concentrations seems to be a very promising strategy to
favor fast proton-coupled electron charge storage and limit the competitive HER. The 8 M
concentration used in the present study lies still far from water-in-salt electrolyte conditions.
Accordingly, it would be very interesting to investigate the effect of higher acetic acid/acetate
buffer concentrations on the capacity and coulombic efficiency of charge storage at
mesoporous TiO: electrodes under mild aqueous conditions.

4. Combined effect of the pH and the weak acid pKa on the efficiency of charge storage
in aqueous electrolytes

In this section, we investigated the efficiency of charge storage at mesoporous TiO>
electrodes in aqueous solution stabilized at different pH values (from 3 to 12.7) and containing
various weak acids, covering a wide range of pKa values. Transparent GLAD-TIO2/TiO:
electrodes were used in this work, allowing to perform preliminary studies by
spectroelectrochemistry. Especially, chronoabsorptometry (CAs) was used for easy
quantification of charge storage capacity under almost thermodynamic equilibrium conditions.

In all experiments, the potential window investigated was adjusted to the pH of the
aqueous solution according to the reported Nernstian pH dependence of Ecg of Ti02.181° For
instance, equivalent applied potential of -0.82 V at pH 3, -0.94 V at pH 5, and -1.06 V at pH 7
were used in CAs experiments, which corresponds to the formal Ti''//Ti'V potential determined

by CVs at each pH values (see chapters 3 and 4).

4.1. Evidencing the link between pH and pKa

In section 2.1, we evidenced electrochemical charge accumulation occurring at GLAD-
TiO2/TiOz electrodes in aqueous solutions of pH 3.0 containing 0.25 M of one of the following
salts: AICIs, ZnClz, or MnCl,. As a result, it was presumed that [Al(H20)s]**, [Zn(H20)6]*",
and [Mn(H20)s]?* behave as weak acids and can thus play the role of proton providers in the
proton-coupled electron charging process. Based on cyclic voltammetric experiments
conducted on short time scales, we evidenced a less efficient charge storage process in the
presence of Zn?*- and Mn?*-based electrolytes, which could be due to the higher pKa value of

the corresponding hexa aquo complexes, in comparison with AI3*1
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Based on this first observation, further experiments were carried out by CAs in different
aqueous electrolytes to investigate the effect of not only the pH but also the pKa of the weak
acids on the efficiency of the charging process. We prepared aqueous electrolytes stabilized at
pH 3.0, 5.0 or 7.0 containing 0.25 M of one of the following compounds: acetic acid/acetate
(PKa 4.76), [AI(H20)6]** (pKa 4.97), Hepes (pKa 7.5), [Zn(H20)s]** (pKa 9.0), B(OH)s (pKa
9.24), NHs* (pKa 9.25) or [Mn(H20)s]** (pKa 10.6).1° 0.3 M of KClI is additionally contained

in non-metallic aqueous electrolytes to maintain the ionic strength.

We specify here that it was however not possible to increase the pH more than 5 in 0.25
M [Zn(H20)6]** and 0.25 M [Mn(H20)s]** due to the metal ion precipitation upon addition of
hydroxide ions. Figure 11 represents the stability domain of the soluble metallic ion of Al, Zn
and Mn together with the TiO2/TiOOH redox potential as a function of pH. We notice that in
the case of Zn?*-based electrolytes, we may have competitive Zn?* reduction and precipitation

occurring at the TiO; electrode during charging at pH 5.0.
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Figure 11. Schematic representation of a stable domain of the soluble metallic ion (Al, Zn and Mn) together with
the TiO./TiOOH redox potential (black line) as a function of pH, assuming a -60 mV / pH unit dependence of its
formal potential, with the existence domain of the main redox-active metallic ions used in the present studies: Al
(pKa = 4.97 and E izwal = -1.86 V vs. Ag/AgCI); Zn?* (pKa = 9 and E Znz+/zn = -0.96 V vs. Ag/AgCl) and Mn?*
(pKa =10.8 and E unz+mn = -1.38 V vs. Ag/AgCI). The red stars indicate the theoretical half-charge potential of

TiO; for the three pH values investigated in the present study.

Chronoabsorptiometric experiments were performed by monitoring the absorbance
variation at 780 nm, attributed to the stored electrons (or the reduced Ti'"" ions) as a function
of time. The electrodes were stabilized first during 5 seconds at an oxidizing potential (0.24,

0.12, 0 V at pH 3, 5, 7 respectively) in order to record the initial absorbance value and then
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stepped to —0.82, -0.94, -1.06 V (at pH 3, 5, 7, respectively) during 120 seconds. The
absorbance variations are given in Figure 12 (right graphs). Under such experimental
conditions, thermodynamic equilibrium was almost reached as evidenced by the quite stable
absorbance obtained after a few tens of seconds (indicative of an equilibrated amount of
electrons injected within the material). The total charges stored after 120 s was calculated from
the absorbance variation according to Eg. 3 and Eq. 4. Contribution of the amount of charges
stored through the electrical double layer was systematically subtracted from the total charge
storage capacity to estimate the proton-insertion charge storage capacity in each electrolyte
(Figure 12, left).
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Figure 12. (left) proton coupled charge storage capacity (mA hg?) obtained at GLAD-TiOx/TiO2
electrodes deduced from (right) reductive potential step experiments plotted as a function of the pK, of the 250
mM metallic (plain bars) non-metallic (dashed bars) weak acid/conjugate base electrolyte. CA experiments were
performed from top to bottom at pH 3, 5 and 7 by applying a reductive potential of -0.82, -0.94, -1.06 V vs.
Ag/AQCI, respectively.

From the set of data presented in Figure 12, we can make the following observations:
- Charge storage associated to proton insertion can be achieved with a wide range of

weak acids characterized by different pKa values. This was demonstrated with both
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positively charged inorganic complexes as well as positively charged or neutral organic
weak acids;

- For pH < pK,, the amount of charge stored in presence of a weak acid increases with
the pH. This can be evidenced by following the charge stored in presence of boric acid
(B(OH)3) upon increasing the pH from 3 to 7.

- Once pH > pK,, the amount of charge stored is strongly decreased (see acetic acid at

pH 7.0) most likely because the weak acid is no more available.

One might notice that different amount of charge can be stored in the presence of weak
acids exhibiting similar pK, values (see the data obtained with pKa values in the range 9 to
10.6). This is suprising because we previously demonstrated that acetic acid and [Al(H20)s]**,
characterized by close pKa values, allows to store the same amount of charge over a wide range
of charging conditions. In line with these results, boric acid and ammonium ion, characterized
by almost identical pKa values, also allows to store similar amount of charge at the three pH
values investigated. However, the results obtained in presence of Zn?*- and Mn?*-based
electrolytes are not fully consistent with the pKa values reported. This might be due to some
uncertainty on the exact chemical formula of the solvated multivalent metallic ions that may
partially aggregate (especially once deprotonated) and/or coordinate CI™ ions present in the
electrolyte. Moreover, in the case of Zn?*, competitive reduction and precipitation of small
amount of Zn at the TiO: electrode (especially at pH 5.0 according to Figure 11) would also

affect the absorbance variation.

Still, the preliminary results obtained here unambiguously demonstrate that very weak
acids characterized by pKa values around 9 still allows for proton-coupled electron charge
storage in mesoporous TiO; electrodes, although if this requires to adjust the potential window
to more negative values. Accordingly, the next question is whether there is a limit or not in the
weak acid strength, and if finally water, which is a weak acid characterized by a pKa value of
14, could also provide protons at the TiO: interface under application of an appropriate

potential.

4.2. Evidencing water as a proton donor

In the present study, we investigated by CVs, CVAs, and CAs the electrochemical
charging of GLAD-TiO2/TiO: electrodes soaked in various buffered solutions (Figure 13). The
weak acids investigated in the present study were acetic acid at pH 3.8 (pKa 4.76), Hepes at pH
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7.0 (pKa 7.5) and Caps at pH 10.3 (pKa 10.4), and the total buffer concentration was adjusted
in order to keep constant the weak acid concentration (~ 38 mM) at each pH. At each pH, the
same experiments were conducted in the presence of 1 mM of buffer solution in order to
properly define the relative contribution of the double layer electrical capacitance to the total
charge stored. Unbuffered, basic KOH aqueous solutions (1 mM KOH at pH 10.7 or 38 mM
KOH at pH 12.7) were also prepared to investigate the role of water as proton donor.

The spectroelectrochemical results obtained from cyclic voltammetric and
chronoabsorptommetric experiments are given in Figure 13. In CVs and CVAs, the potential
window investigated was 0.24 to -1.01 V at pH 3.8,0t0 -1.25 V at pH 7.0, 0 to -1.43 V at pH
10.3, and 0 to -1.6 V at pH 12.7. CAs experiments were also carried out by monitoring the
absorbance variation at 780 nm during successive reduction/re-oxidation steps, with a 50 mV
downshift of the cathodic potential applied at each cycle within a potential windows of -0.312
t0-0.912 V atpH 3.8,-0.5t0-1.1 Vat pH 7.0, -0.7 to -1.3 V at pH 10.3, and -0.84 to -1.34 V
at pH 12.7. The reductive charging process is fully reversible and the transparency of the

electrode is fully recovered during the re-oxidation step (data not shown).

In the presence of 38 mM of either acetic acid or Hepes weak acid, well-defined
faradaic waves are observed in CVs correlating with a higher absorbance increase in CVAs
and CAs as compared to that observed in 1 mM of acetic acid or Hepes aqueous solution. This
is characteristic of the proton-coupled electron storage mechanism already evidenced and
studied in both buffer solutions. As the concentration of the weak acids remains small (i.e., 38
mM), the shape of CVs and CVAs are expected to be affected by mass transport in solution.
On contrary, as CAs experiments are performed on longer time scales (i.e., ~ 120 s for reduction)

thermodynamic equilibrium conditions are almost reached.

The results obtained at higher pH are completely different. Indeed, experiments
performed in the presence of either 1 mM or 38 mM of the Caps acidic form are nicely
overlapping. A small difference is observed in the onset potential of the CVs and CVAs which
is due to the more acidic 1 mM Caps solution (pH 9.3) as compared to the 38 mM one (pH
10.3), but no difference is observed in the CAs as the cathodic potentials applied are adjusted
to the measured pH value of each electrolyte. The lack of effect of increasing the Caps weak

acid concentration on the amount of charge stored (i.e., on the shape of the CV
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* Potential difference of the pre-peak is observed due to the pH difference between 1 mM of weak acid (or
KOH) and higher concentration of weak acid (or KOH), it is consistent with the pH dependence according to the
-60 mV/pH unit increase dependence of Ecg(TiOy).

** Typical example of the electrode failure arising under strong accumulation conditions and attributed to the
irreversible coloration of the underlying ITO substrate of GLAD-TiO2/TiO; electrodes.

Figure 13. (Top row) CVs, (middle row) CVAs, and (bottom row) CAs recorded at GLAD-TiO2/TiO; electrodes
soaked in different aqueous electrolytes with 0.3 M of KCI and containing (red) 45 mM acetic acid/acetate buffer,
(green) 50 mM Hepes buffer, (dark cyan) 50 mM Caps buffer, and (violet) 38 mM KOH solution. Grey colors
corresponds to the data recorded at each pH in the presence of 1 mM of the corresponding buffer. v=0.1 V s?

for CVs and CVAs.

and on the absorbance variation of the CVASs) suggest that either there is no faradaic charge
storage through proton insertion at such high pH values, or that the acidic form of the Caps
buffer is not the proton donor. However, we notice that the absorbance variation of the CVAs
is large, and even larger than the one observed in the presence of 38 mM acetic acid or Hepes
acidic form. This demonstrates that a fast faradaic charge storage mechanism still occurs in the

basic Caps buffer, despite it does not give rise to well-defined peaks in CVs.

The data recorded in presence of 1 or 38 mM of KOH are also very surprising. Under

such experimental conditions, there is no weak acid except water (pKa 14). The data obtained
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by CVs are hard to interpret as no clear faradaic peak is observed, but still the current intensity
is much larger than that recorded in less basic aqueous solution (in absence of significant
amount of weak acids). The high absorbance variations observed in CVAs again demonstrates

that fast charge storage still occurs in the basic KOH solutions.

In Figure 14 are presented the results of the CAs experiments (see Figure 13) with the
potentials referred no more to Ag/AgCl, which reference potential is independent of pH, but to
the reversible hydrogen electrode (RHE), which reference potential is downshifted by 60
mV/pH unit as the potential window used in the present study. In the presence of only 1 mM
buffer, the absorbance increase with the potential downshift remains low in most cases, which
is consistent with charge storage in the electrical double layer. However, for pH values > 9.0,
a slightly larger absorbance increase is observed at the lowest potential values used, which
indicates a small contribution of the faradaic charge storage process. In presence of higher
concentrated electrolytes, a larger absorbance increase is observed upon downshifting the
potential, which attests for efficient charge storage through Ti'V reduction. We notice that the
data recorded at the different pH values fully overlay, even in the case where water is the only
proton donor available in solution. Assuming that thermodynamic equilibrium is reached at
each potential in CA experiments, it indicates that the same redox couple is involved in the
faradaic charge storage process whatever the proton donor, and that its apparent standard
potential exhibits a -60 mV/pH unit dependence. This is again fully consistent with its
attribution to the Ti'VO/Ti""OOH redox couple.
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Figure 14. B: CAs recorded at GLAD-TiO»/TiO- electrodes soaked in different aqueous electrolytes with 0.3 M

of KCI and containing (red) 45 mM acetic acid/acetate buffer, (green) 50 mM Hepes buffer, (dark cyan) 50 mM

Caps buffer, and (violet) 38 mM KOH solution. A: corresponds to the data recorded at each pH in the presence of

1 mM of the corresponding buffer.

154



In basic electrolytes (pH > 9), we thus evidence that a fast faradaic charge storage
mechanism occurs and we assume that it involves proton insertion as no other small cation is
available in the aqueous electrolyte to compensate the charge generated from reduction of Ti'V
ions. Accordingly, we assume that water can be the proton source, however only under strong
basic pH conditions and at a correspondingly more negative potential windows. This
observation is reminiscent of the previous study, where we evidenced that the proton donor
efficiency of weak acids was related to the pH value relatively to their pKa (see section 4.1). In
the present case, we notice that water is almost inefficient up to pH 7.0, whereas it becomes
efficient above pH 9.0. According to the high concentration of water (55 M), CVs and CVAs
should not be limited by mass transport of the proton donor in basic solutions. This may explain
why higher amount of charge can be stored during the time course of a CV in basic solutions

as compared to what is reported in acetic acid or Hepes buffer.

5. Conclusion

In this chapter, further investigation of proton-coupled electron charge storage at
mesoporous TiO; electrodes was achieved by modification of the electrolyte composition (i.e.,

pH, chemical features of the weak acid).

Firstly, the resemblance of experimental results obtained by CVs, CVAs, CAs and
galvanostatic experiments in the presence of acetic acid (i.e., typical monoprotic acid) or
[Al(H20)6]*" in the aqueous acidic electrolyte suggests that an identical charge storage
mechanism occurs in both electrolytes, a mechanism based on proton insertion and wherein we
attribute the proton is provided by the weak acid species in solution. This result calls into
question the interpretations proposed in several studies concerning the exact mechanism of
charge storage at TiO- electrodes soaked in Al**-based aqueous electrolytes.

Secondly, by using GLAD-TIO/Ti electrodes, we were able to define optimized
conditions allowing to reach a total charge storage capacity as high as 161 mA h g at a quite
high C rate (5 C). Under these conditions, ca. 80 % is due to the reductive protonation of ~40 %
of the total titanium ions in the lattice. This value is much higher than the one previously
published by us in Hepes buffer (~20 %), but still we were not able to reach the maximal
theoretical value of 50 %. We attribute this limitation to competitive hydrogen evolution

occurring under strong accumulation conditions, responsible of the low coulombic efficiencies
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reported. Preliminary experiments conducted in a 8 M acetic acid/acetate buffer allows to
conclude that increasing the buffer concentration is a promising strategy to favor proton

insertion at the expend of proton reduction.

Finally, we demonstrate that proton-coupled electron storage in mesoporous TiO:
electrodes is a general feature, occurring in the presence of a wide range of organic as well as
inorganic weak acids. Even water can be an efficient proton donor but only under strongly
basic conditions. However, the ability of the weak acid to deliver protons at the TiO> interface
is strongly correlated to its pKa value regarding the pH of the aqueous electrolyte, and also to
the potential window investigated. Indeed, if the pH is too low as compared to the pKa value,
then the weak acid is not able to deliver protons. This is typically the case of water at pH < 7.0.
As the pH is further increased toward the weak acid pKa value, the ability of the weak acid to

deliver protons is increased.
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During this work, we investigated the charge transport/transfer and charge storage (i.e.,
electron accumulation) at mesoporous TiO> metal oxide materials by real-time

spectroelectrochemistry.

In chapter 1, we studied the interfacial electron transfer as well as the redox-mediated
catalytic reduction of O, at GLAD-ITO and GLAD-TIO:; electrodes functionalized by a small
redox-active chromophore (Mn-ph). At Mn-ph/GLAD-ITO electrodes under non-turnover
condition, the reversible Mn'/Mn' redox reaction at the chemisorbed Mn-ph occurs fast and
under thermodynamic equilibrium until scan rate up to 1 V s, In presence of the O substrate,
a fast catalytic reaction associated to O reduction was observed, but it was not possible to
acquire mechanistic details as mass transport of O in solution was rate-limiting under the

experimental conditions tested.

On the other hand, Mn-ph/GLAD-TiO; electrodes exhibit contrasted behaviors in both
absence and presence of the O substrate, which is due to its unique semiconductive features.
In degassed solutions, the irreversible reduction of Mn'!-ph into Mn"-ph is observed at a more
negative potential than the formal reduction of the chemisorbed Mn'-ph/Mn"-ph redox couple
(i.e., -0.42 V). This indicates that the interfacial electron transfer at the Mn-ph/GLAD-TiO:
interface can only proceed in a potential window where TiO; is sufficiently conductive. By
using a methodology previously developed in the laboratory, we successfully fitted the
experimental data and extracted some key parameters such as the interfacial electron transfer
rate as well as the extent of bandgap localized states involved in the heterogeneous electron

transfer reaction for GLAD-TiO; electrodes.

This irreversible conversion of the immobilized Mn'™-ph, however, becomes fully
reversible in the presence of O-. This is explained by the fast re-oxidation of Mn"-ph into Mn'-
ph through fast catalysis of O reduction. Interestingly, during the forward cathodic scan, the
absorbance at 432 nm was raised at a slightly more negative potential than in absence of O,
indicating a delay in the accumulation of the reduced Mn!-ph complex until O, depletion
occurs. Simultaneously, we notice that charge accumulation within the Mn-ph/GLAD-TIO>
electrode is also delayed, as attested by the potential shift (~ 110 mV) of the onset absorbance
potential (monitored at 780 nm) under turnover conditions. This is an astonishing result as
usually diffusion of electrons within the mesoporous film is assumed to be fast (i.e., not rate-
limiting) and thus under thermodynamic equilibrium. That the accumulation of electrons in

bulk TiO- is indeed delayed remains not completely clarified yet and thus requires further
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investigations. The possible inference can be due to the instant consumption of electrons for
catalytic reduction of O, thus the electron accumulation within the TiO; is suspended. Or it
can also be inferred that the apparent rate of mass transport of electrons within in the TiO> film

can actually be a rate-limiting.

In chapter 2, we introduced an efficient and homogenous functionalization of 3D
nanostructured transparent GLAD-ITO electrodes by electrochemical reduction of in-situ
generated free-base porphyrin diazonium salts with a high degree of control over the
homogeneity, surface coverage and reproducibility. The results obtained support the formation
of covalently linked electroactive porphyrin oligomers grafted on the ITO surface through,
most likely, an underlying metal-O-carbon bond. This leads to highly stable modified
electrodes toward desorption or hydrolysis in organic as well as mild hydrolytic conditions,
and allows quantitative post-metalation by zinc ions of the grafted free-base porphyrins. This
resulting covalent bonding by an electrochemical grafting of dye clearly showed a much more
stable functionalization onto metal oxide as compare to the chemisorption by anchoring group

(and/or physical adsorption).

It is worthy to mention here that ultimate preliminary experiment concerning the
electrografting of the free-base porphyrin diazonium salt was achieved with the mesoporous
semiconductive GLAD-TiO; electrodes, but it requires more studies and was therefore not
included in this manuscript. The reductive potential of free-base porphyrin diazonium salts at
GLAD-ITO was located at +0.35 V, i.e. in a potential window where TiOz is totally insulating.
Transposition of the procedure to the GLAD-TIO: film required thus to adjust the applied
potential window for electrodeposition, which was shifted to more cathodic potential (i.e., -0.4
to -0.9 V vs. SCE.). This opens new opportunities for the robust functionalization of high
surface area semiconductive metal oxide electrodes by various functional molecules in order

to develop sustainable photoelectrodes operating under mild aqueous solutions.

Throughout the chapters 3 and 4, we investigated the proton-coupled electron storage
process (as well as the electrical double layer charge storage process) occurring at amorphous
GLAD-TIO: electrodes in various aqueous electrolytes. This process had been so far only

investigated under strongly acidic conditions (pH < 2).

In chapter 3, we demonstrate for the first time that massive, fast and proton insertion

occurs in an aqueous buffered solution at neutral pH during the reductive electrochemical
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charging of GLAD-TIO> electrodes. This diffusion controlled proton-couple charge storage
upon reductive protonation of lattice Ti'V ions can occur extensively at a well-defined potential
not only in the presence of a unbuffered strong acid (HCI) solution but also, arrestingly, under
neutral pH conditions in a buffered solution (HEPES buffer). This overall result allowed to
open a potentiality of developing high rate and high power electrochemical charge storage
devices based on reversible proton-ion charge/discharge processes at mesoporous metal oxide
materials under mild aqueous conditions. Furthermore, a model has been developed (see
annexe) to evaluate proton transport effects on charge storage in conductive materials
associated with a redox process in the bulk material coupled to proton insertion from an

aqueous buffered solution, a situation frequently encountered in metal oxide materials.

The preliminary studies presented in chapter 4 were initiated by questions arising from
experiments reported in the literature about the exact role of multivalent metallic ions added in
aqueous electrolytes and the pH range allowing for proton insertion. In order to approach these
questions, we investigated charge storage in various aqueous electrolytes, in presence of

organic as well as inorganic weak acids.

First, we evidenced an increased charge storage capacity in the presence of multivalent
metallic ions in the aqueous electrolyte (i.e., [AI(H20)6]**, [Zn(H20)6]?*, and [Mn(H20)6]?).
We made two hypotheses regarding this results; one is the insertion of a multivalent cation M#*
resulting from desolvation of the aquo complex, which is energetically very unfavorable.
Second hypothesis is the insertion of proton provided by the [M(H20)n]*" weak acids.
Following results conducted in presence of either [Al(H20)6]** (pKa = 4.97) or acetic acid (i.e.,
typical monoprotic acid, has similar pKa value of 4.76) at pH 3 showed great resemblances in
CV, CVA, CA, and galvanostatic experiments, which strongly suggest that an identical charge
storage mechanism occurs in both electrolytes. Accordingly, the second hypothesis is more

reasonable.

Secondly, optimization of the charge storage capacity and the coulombic efficiency
was performed in buffered acetic acid/acetate electrolyte at pH 5. Optimized conditions
allowed to reach a total charge storage capacity as high as 161 mA h g™ at a quite high C-rate
(5 C), with ca. 80 % due to the reductive protonation of ~40 % of the total titanium ions in the
lattice. This value is much higher than the one previously obtained by us in the Hepes buffer

(~20 %), but still we were not able to reach the maximal theoretical value of 50 %. This
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limitation seems to have a strong connection with hydrogen evolution occurring under strong

accumulation conditions, responsible of the low coulombic efficiencies reported.

Finally, we demonstrated that proton-coupled electron storage in mesoporous TiO:
electrodes is not limited to one type of weak acid, and that even water can be an efficient proton
donor although only under strongly basic conditions. The evidence that ability of the weak acid
to deliver protons at the TiO> interface is strongly correlated to its pKa value regarding the pH
of the aqueous electrolyte, and also to the potential window investigated. Indeed, as the pH is
close toward the pKa value of weak acid, the ability of the weak acid to deliver protons is

increased.

In fact, this proton-coupled electron charging/discharging process seems to be a general
feature of porous metal oxide-based electrodes. Based on the results obtained in chapter 3 and
4, TiO2 clearly shows a potentiality as anode electrode for an aqueous battery operating under
mild and non-corrosive pH conditions. As one of the candidates for a cathode electrode, |
performed some preliminarily studies on manganese dioxide (MnO) films during my PhD.
These experiments were conducted on electrochemically deposited MnO: film (onto ITO
substrate) in presence or absence of weak acids in the aqueous electrolyte. Interestingly, we
evidenced that the electrochemical reactivity of the MnO: film can be switched from EDLC to

faradaic process depending on the presence of a proton donor in the electrolyte.

Although it certainly needs further investigations for the practical development of an
aqueous-based proton insertion battery, these overall results open the possibility of a new
battery concept associating two metal oxides electrodes (e.g., TiO2/MnQO2) operating under
aqueous conditions by proton-coupled reversible charging/discharge process according to the

following expression:

yTi'Y0, + x Mn00H, o yTi®00H, + x Mn*0,
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1. Chemicals and Materials

HEPES, HEPES sodium salt (puriss. p.a.), Aluminum chloride hexahydrate
(AICI3 6H20), Zinc chloride tetrahydrate (ZnCl2 4H20), Zinc acetate, Tetrabutylammonium
hexafluorophosphate (TBAPFs), sodium nitrite (NaNO.), trifluoroacetic acid (TFA) and
lithium perchlorate (puriss. p.a.) were purchased from Sigma-Aldrich. Potassium hydroxide,
Acetic acid (100 %, AnalaR NORMAPUR®), Hydrochloric acid (HCI, 37 %), Sodium
hydroxide (NaOH) and Potassium ferricyanide (Ks[Fe(CN)s]) were obtained from VWR BDH
Prolabo®. Acetone, ethanol, and dichloromethane for an electrode cleaning process was also
purchased from VWR BDH Prolabo®. Trichloromethane was obtained from Acros Organics™.
Ammonia solution (NHs, 28%) was provided by Prolabo RECTAPUR®. Acetonitrile
purchased from Sigma-Aldrich was used for the electrografting process after distillation, and
acetonitrile provided from VWR BDH Prolabo® was used for UV-visible spectrometry.
Potassium chloride (Merck & Co., puriss. p.a.) were used as received. H2(PDTP)-NH2 was
synthetized by our collaborator in Dijon, France according to the literature.! Manganese
porphyrin (Mn-ph) was synthesized by our collaborator (Dr. Alla Lemeune) from Université
de Bourgogne.? All aqueous solutions were prepared with highly purified Milli-Q water (18.2
MQ-cm) procured by a TKA MicroPure UV purification system. Commercial planar indium
tin oxide coated glass substrates (rectangular slide, 8-12 Q/[1) were purchased from Delta

Technologies, and cut to 0.8 x 3.5 cm.

2. Methodology

Both kinetic and thermodynamic quantitative data were obtained from
spectroelectrochemical or electrochemical measurements. Thus, we report on general methods
for the investigation of GLAD-electrodes properties by means of electrochemistry including
cyclic voltammetry, chronoamperometry, galvanostatic chronopotentiometry in section 2.1 as
well as spectroelectrochemistry such as cyclic voltabsorptometry, and chronoabsorptometry in

section 2.2.

2.1. Electrochemistry (Cyclic voltammetry, Chronoamperometry, Chrono-

potentiometry)

All electrochemical measurements were performed in a three-electrode configuration:

the mesoporous GLAD working electrode (see section 3), the reference electrode (Ag/AgCl
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electrode or S.C.E.) and the counter electrode (Pt wire). The potential of the working electrode
is measured with respect to the reference electrode. The redox reaction takes place at the surface
of the working electrode and the current flows between the working electrode and the counter
electrode. All electrochemical experiments were carried out with an Autolab PGSTAT-12
potentiostat operated by GPES-4 software. Scheme 1 describes the diverse electrochemical
techniques used in this work.

A B C
£ Eappu‘ied {V} Eapphed (V) ,uppﬂied {A)
1
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Scheme 1. Schematic representation of (A) potential sweep cyclic voltammetry, (B) chronoamperometry,

and (C) Chronopotentiometry.

Voltammetry are comprised of applying an external controlled potential (or current) to
the electrochemical cell and observing the measuring current flow (or potential). For instance,
potential sweep techniques measure the current when the potential of the working electrode is
continuously changed (e.g. cyclic voltammetry, scheme 1A) or stepped (e.g.
chronoamperometry, scheme 1B). The scan rates are used from 0.05 to 2 V s. Ohmic drop
was systematically compensated in cyclic voltammetry, with an average compensation value
0of 43 + 6 Q (N = 36) for GLAD-TIO electrodes. Chronopotentiometry, on the other hand, is a
technique with constant current or current steps which measures the potential of the working
electrode with respect to the reference electrode (scheme 1C). This technique has the advantage
to be applicable where a constant current rate is important, such as electrodeposition or battery

charge/discharge studies.

2.2. Real-time UV-visible spectroelectrochemistry (Cyclic voltabsorptometry,

Chronoabsorptometry)

The spectroelectrochemical experiments were performed in a one-compartment

spectroelectrochemical cell using an Autolab PGSTAT-12 potentiostat controlled by GPES-4
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software for electrochemical measurement and coupled to a TORUS UV-visible
spectrophotometer (Ocean Optics) equipped with optical fibers and a balanced deuterium
tungsten source (Micropack) for UV-visible absorption measurement. During experiments, the
electrochemical cell was thermostatted at a constant temperature of 25 <C using a dedicated
Peltier heater (Quantum Northwest). The potentiostat and spectrophotometer were
synchronized through an input trigger signal generated by the potentiostat, thus allowing
simultaneous recording of the optical absorbance and current as a function of the time-varying

potential applied to the working GLAD-electrodes (scheme 2).
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Scheme 2. Schematic explanation of spectroelectrochemisty.

The GLAD-electrodes were positioned perpendicular to the optical path in the quartz
cell. The cell was filled with 1.2 mL of buffer solution and thoroughly deaerated by bubbling
argon (for at least 20 min) ahead of each experiment and constantly flowed in the cell during
experiments. An Ag/AgCl electrode in 3 M KCI (WP, Dri-ref, + 0.2 V vs NHE at 25 <C) was
used as the reference electrode, and a Pt wire was used as the counter electrode. Integration
time was set to 3 ms and the number of averaged scans was typically 100 except for the
spectroelectrchemical experiments where it was fixed to 2 ~ 15 depending on the scan rates.
Satisfactory signal-to-noise ratios were obtained by averaging 15 scans for experiments
performed at 50 mV- s, 6 scans for at 100 mV-s™, 4 scans for at 200 mV-s and 2 scans for at
500 mV-s™. Experimental derivative cyclic voltabsorptograms were smoothed using a second

order Savizky-Golay algorithm.
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2.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative
spectroscopic technique that analyzes the elemental composition of material. XPS spectra are
obtained by irradiating a material with a beam of X-rays while simultaneously measuring the
kinetic energy and number of electrons that escape from the top 0 to 10 nm of the material
being analyzed. In this work, X-ray photoelectron spectroscopy (XPS) measurements were
performed by P. Decorse in laboratory ITODYS using a Thermo-Scientific VG ESCALAB
250 system fitted with a micro-focused, monochromatic Al Ko X-ray source (1486.6 eV, 15kV)
and a magnetic lens, which increases the electron acceptance angle and hence the sensitivity.
The X-ray spot size diameter was 500 pm and the pass energy was set at 100 and 40 eV for
survey spectra and narrow scans, respectively. An electron flood gun was used for static charge
compensation on insulating samples. Spectra were calibrated by setting the C1s component,
assigned to aliphatic carbons or atmospheric contamination, to 285 eV. Measurements were
carried out on samples affixed to sample holders using conductive double-sided adhesive tapes.
The Avantage software (version 4.67) was used for digital acquisition and data processing.
Elemental atomic concentrations were calculated from the XPS peak areas, and the
corresponding Scofield sensitivity factors were corrected for the analyzer transmission work
function. The O(1s) peak was fitted to 4 components by using Gaussian/Lorentzian GL(30)

products.

2.4. Resonance Raman spectroscopy

Resonance Raman spectroscopy (i.e., rR spectroscopy) is a Raman spectroscopy
technique with enhanced intensity to facilitate getting information about the vibrations of a
chromophore. It allows to identify unknown substances with low concentration by using an
incident photon energy close in energy to an electronic transition of the compound or material
under examination. For this study, resonance Raman spectra were performed on GLAD-ITO
electrodes functionalized with a porphyrin with excitation at 405 nm (i.e., Soret band) with a
single frequency collimated laser module (Ondax, Inc) and recorded with a Labram HR 800
microspectrometer (Jobin Yvon) by S. Lau-Truong in laboratory ITODYS. Spectra were
recorded at room temperature (20 <C) with a power of 2 mW at the sample. For the

measurements performed in solution, the microscope was equipped with a 10 objective
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without filter, whereas for the measurements on GLAD-ITO electrodes, a 100> microscope
objective was used with a D 0.3 filter. The reported spectra for solutions correspond to the
average of at least 12 scans, each recorded with a 30 s (on solution) or 5s (on GLAD-ITO)
acquisition time. Measurements were performed from scan to scan on different surface areas

to avoid porphyrin degradation.

3. GLAD-Electrodes
3.1. Preparation of mesoporous GLAD-electrode

The working electrodes used in this thesis were prepared by glancing angle deposition
(GLAD) technique from our collaborator in Canada (Dr. Kenneth Harris from the Nationnal
Intitute of Nanotechnology, Edmonton).*® GLAD is an one-step physical deposition technique
by vaporization of precursor, for fabricating nanostructured porous thin films with engineered
structured high surface area thickness, and morphological characteristics as function of the
deposition angle (scheme 3). After, physically deposited films were treated by annealing
process for stable optical and electrical properties. GLAD-films combines the advantages of
high surface area and well-opened accessible mesoporosity allowing to investigate surface
functionalization or ion insertion which is the aim of this thesis with improved consistent
control and high reproducibility of film characteristics. We used GLAD-ITO and -TiO>
electrodes prepared from deposition of 0.25- to 1-pm-thick vertical metal oxide films on the
top of the various substrates (ITO, thin TiO2 or Ti film). Deposition angle (o)) from 0 to 80°

were used.

Substrate rotation angle (¢)

rate of vapour
deposition incident flux

-
‘—‘
-

Substrate

Scheme 3. Schematic explanation of glancing angle deposition (GLAD) technique. The morphology of the
deposited films is determined by the deposition angle («), substrate rotation angle (¢), rate of incident flux, and

rotation speed. The movement of substrate is performed by two independent motors with computer control.
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Broadly, the types of GLAD-electrodes can be divided in two, GLAD-ITO and GLAD-
TiO». Briefly, mesoporous ITO film (Cerac, 91:9 In203/SnO2 99.99% pure) and TiO> film
(Cerac, 99.99% pure rutile) were deposited onto planar ITO substrate and various substrates
on an electron-beam physical vapor-deposition evaporation system (Axxis, Kurt J Lesker)
depending on the film thickness from 550 nm to 1 pm. Throughout the deposition, substrates
were maintained at a 72° or 80° angle with respect to impinging evaporant flux while rotating
as a feedback-controlled function of the deposition rate. This is a computer-controlled
manipulation of two substrate-orientation motors: one to set the deposition angle (R) of the
substrate chuck with respect to the impinging evaporant flux and another to rotate the substrate
(p) as a function of the deposition rate. GLAD-TIO> can be again classed in various types of
electrode depending on the substrate, ITO (expressed to GLAD-TiO) or thin dense TiO> film
(15 nm) on top of the ITO (expressed to GLAD-TiO2/TiO>) or dense Ti film (0.25 jm) on top
of the glass (expressed to GLAD-TiO./Ti). Experimental reproducibility is attested by the good
overlap of cyclic voltamograms recorded under identical experimental conditions for different
GLAD-TIO> electrodes arising from different GLAD deposition batches (Figure 1, relative
standard deviation RSD < 5 %, N = 7). The reproducibility of the corresponding cyclic
voltabsorptograms was not as good (Savizky < 40 %), suggesting a higher sensitivity of the
absorbance measurement to batch-to-batch variations in the GLAD-TiO2 samples.

1107 -

#(mol cm® s™)

1x107

T T T T
1.0 05 0.0
E (V) vs AgiAgCI

Figure 1. Cyclic voltammograms recorded at different 1 pm-thick GLAD-TiO- electrodes (arising from 3 different
GLAD deposition batches) in 1 mM HEPES with 0.3 M KClatpH7.v=0.1V s T=25 <.
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3.1.1. GLAD-ITO

Mesoporous GLAD-ITO electrode was prepared with 500 nm film thickness and 80
deposition angle followed by thermal treatment. Following deposition, ITO samples were

annealed at 300-350 <C for 2 to 3 h, with a 10 < min temperature ramp up and down.?

3.1.2. GLAD-TIO2

Amorphous mesoporous TiO; thin films on conducting tin-doped indium oxide (ITO)
glass substrate (Delta Technologies, 8-12 Q/[1) were prepared by glancing angle deposition
(GLAD) method followed by thermal treatment as well (only in case of using ITO substrate).
Following deposition, TiO2 was annealed at 100 <C for 24 h to ensure stoichiometric TiO> films

and, as a result, to enhance and stabilize the optical transmission of the film.?

3.1.3. GLAD-TiO2/TiO2

GLAD-TiO2/TiO> electrode is composed of a 15 nm dense TiO. underlayer prepared
with a 0°deposition angle on top of the ITO substrate. Then a 1 pm-thick mesoporous TiO:
film is deposited with a 72 °deposition angle. GLAD-TiO2/TiO- electrode remains transparent
in the visible range which enable to perform spectroelectrochemistry. Thermal treatment was
performed as same condition for GLAD-TiO; after deposition.

3.1.4. GLAD-TiO2/Ti

Another type of GLAD-TiO2/Ti electrode were prepared by first deposition of a 250
nm dense layer of Ti with 0=deposition angle on glass. Then, second deposition of 1 pm
thickness TiO film with 72 °deposition angle was carried out on the top of the Ti dense layer

(Figure 2). Thermal annealing was not treated for this type of electrode.
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Figure 2. SEM image of 1 pm-thickness GLAD-TiO, with 72°deposition angle on underlying 250 nm-thickness

Ti deposition layer with 0<=deposition angle on top of the glass substrate.

3.2. Electrode cleaning process

Prior any experiments, planar ITO as well as GLAD-electrodes were cleaned. Planar
commercial ITO electrodes were soaked in dichloromethane and acetone, 10 min in each
solution under sonication. GLAD-ITO electrodes were cleaned by soaking in trichloroethylene,
acetone and ethanol at 50 <C for 15, 15 and 30 min, respectively. All type of GLAD-TIO>
electrodes were treated with UV/Os (UV/Os Procleaner plus, Bioforce nanosciences) for 15
min and further cleaned by subsequent immersion at room temperature in acetone and ethanol
for 15 and 30 min, respectively. A portion of electrode surface was then delimited with an
insulating layer (using nail vanish) to define rectangular working electrode areas of 0.50 = 0.08

cm? (evaluated from a set of N = 35 independent electrodes).

3.3. Surface enhancement

Surface area enhancement of ~ 540 /pm and ~ 70 /pm were previously obtained on
GLAD-TiO2and —ITO with deposition angle of 72<and 80 < respectively, by BET Krypton gas

adsorption isotherms method.?

From previous study carried out in our laboratory, the electrical double layer
capacitance of GLAD-ITO (i.e., deposited with same deposition angle of « = 80<) was recorded
in a 0.3 M KCI electrolyte depending on the different film thickness.* A surface area
enhancement of ~ 66 /um was estimated which is a similar value by BET Krypton gas

adsorption isotherms method (i.e., ~ 70 /um).?
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Additionally, the specific surface area of GLAD-TiO2 was also estimated by measuring
the electrical double layer capacitance. In 0.3 M KCI electrolyte either at pH 7.0 or pH 5, an
average electrical capacitance density of all types of GLAD-TIO> electrodes were measured to
22.5 +1.6 mF €m once normalized to the geometric electrode area was estimated (Figure 3).
Once this value is corrected from the film surface area enhancement (i.e., 540 /um), an intrinsic
capacitance density of 41.6 uF €m~2was founded. This value is close to the theoretical one (10-
20 uF €m2) calculated for a flat conductive surface in an aqueous electrolyte solution,
indicating that good agreement with previously reported in literature.® This demonstrates that
the morphology of the mesoporous GLAD-TIO2 film is not affected by the underlying
substrates (i.e., Ti or TiOz or ITO).

1.0x10°
< 4 4
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= ] = ]
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-1.0x10° . . :
-4

-1.0 -0.5 -1.0 -0.5 -1.0 -0.5 -1.0 -0.8 -0.6
E (V) vs Ag/AgCI

Figure 3. Electrical double layer capacitive current (converted to electron flux density and then normalized to the
scan rate) recorded in 0.3 M KCI electrolyte at pH 7.0 in the potential window from -0.7 V to —-1.1 V for (red)
GLAD-TIOz, (black) GLAD-TiO./TiO: electrodes and at pH 5.0 in the potential window from —0.58 V to —0.98
V for (blue) GLAD-TiO./Ti electrode. The applied potential window was adjusted to the 60 mV anodic shift by

pH decrease according to the pH-dependence of the conduction band potential of TiOx.

4. Surface modification
4.1. Chemisorption of manganese porphyrin (Mn-ph)

Mn-ph was chemisorbed through phosphonate group into the mesoporous GLAD-
electrodes by immersing in a solution of manganese porphyrin (25 pM in DMSO and water,
1:9, 1 ml, pH adjusted to 4~5 by HCI) during overnight. After rinsing by Milli-Q water, the
Mn-ph/GLAD-electrodes were characterized by UV—visible spectroscopy.
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Figure 4. Chemical structure of Manganese porphyrin (Mn-ph).

4.2. Electrografting of diazonium salt

Electrode functionalization was performed in a conventional three-electrode amber
glass cell under argon and at room temperature according to the literature.! The auxiliary
electrode was a platinum wire and the reference electrode was KCl-saturated calomel (SCE).
Acetonitrile (ACN) solvents were used after distillation prior to each electrografting
experiment. Firstly, 1 mL of 1 mM H2(PDTP)-NH in distilled ACN was added to the cell
under argon. Afterwards, 20 L of 1.4 mM NaNO: dissolved in Milli-Q water was mixed with
80 L of distilled ACN and then added drop by drop to the porphyrin solution under argon.
After 10 min, 170 pL of TFA and 830 pL of 0.11 M TBAPFe/distilled ACN solution were
injected into the cell. Finally, the solution was diluted by adding 7.9 mL of 0.11 M
TBAPFe/distilled ACN solution into the cell, leading to a final volume of 10 mL. The solution
was further deaerated by argon bubbling for 10 min and kept under argon during the entire
experiment. Multiple cyclic voltammetric scans (from 1 to 30 uninterrupted CV cycles) were
continuously performed between 0.5 and 0.05 V versus SCE at 50 mV-s™. Experiments under
forced convection were achieved by bubbling argon near the working electrode surface (the
bubble stream was always positioned at the same level in the cell close to the working
electrode). The resulting modified electrode was thoroughly rinsed with ACN and soaked in
ACN for ca. 30 min to allow desorption of poorly attached porphyrins, and further soaked in a
0.1 M aqueous NHs solution for ca. 10 min for deprotonation and finally rinsed again with

ACN. The geometric working electrode areas of the planar ITO and GLAD-ITO electrodes
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were estimated to be 0.75 %0.22 cm? (N = 10). Current densities were obtained by normalizing

the current with respect to the geometric electrode areas.

CH3

1) 2 eq. NaNO,
h te
in ACN/H,O D+e
Ny Ph —/———
, 2) immerse in 0.1 M NH;
2) TFASACN ‘7\ then preserve in ACN
e
H;
H,(PDTP)-NH, H,(PDTP)-N,* H,(PDTP)
meso-triaryl free base porphyrin meso-diazonium salt

Scheme 4. Schematic representation of the In-situ generation of H4(PDTP-N.") followed by electrochemical

grafting on the electrode surface.

Porphyrin-modified planar ITO or mesoporous GLAD-ITO electrodes were converted
into zinc porphyrin-modified electrodes by simply immersing the porphyrin-grafted electrodes
for 15 min in a saturated zinc acetate solution of methanol/chloroform (1:9, v/v) heated to 50 <C.
Afterwards, the electrodes were washed thoroughly with ACN. Zn Metallation of grafted
diazonium salt on planar ITO or mesoporous GLAD-ITO electrodes were carried out by simply
immersing the modified electrodes in a saturated zinc acetate solution of methanol/chloroform
(1:9, viv) heated to 50 T during 15 min. Afterwards, the electrodes were washed thoroughly
with ACN.

A~ Zn(OAc), sat. in ) 3

SR RN 2 / X

S rﬁ\‘N:}/ CHCl3 / MeOH \\? N
\ 15 min., 60 °C N

Scheme 5. Schematic representation of metallation process of the Ho(PDTP)-functionalized electrode.
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Résumé :

Améliorer notre compréhension des mécanismes de transport/transfert de charges et
de stockage de charges dans les films d'oxyde métallique semi-conducteur mésoporeux
transparents (fonctionnalisés ou non par des chromophores redox-actifs) dans des
électrolytes aqueux est d'une importance fondamentale pour le développement et
I'optimisation d'une large gamme de dispositifs de production ou de stockage d'énergie éco-
compatibles et/ou éco-durables (cellules solaires a colorants, batteries, photoélectrolyseurs,
....). Dans ce but, des films de TiO, semi-conducteur mésoporeux préparés par dépot sous
incidence rasante (GLAD-TiO;) ont été sélectionnés pour leur grande surface spécifique, leur
morphologie bien contrélée, leur transparence élevée dans le visible et leur semiconductivité
bien définie qui peut étre facilement ajustée par |'application d’'un potentiel externe,
autorisant ainsi leur caractérisation aisée par spectroélectrochimie en temps réel.

Nous avons d'abord étudié le transfert et transport de charges dans des électrodes
GLAD-ITO et GLAD-TiO2 fonctionnalisées par une porphyrine de manganése redox-active
jouant a la fois le role de chromophore et de catalyseur. Nous avons démontré que la réponse
électrochimique des électrodes ainsi modifiées, enregistrée en I'absence ou en présence du
substrat O, dépend fortement de la conductivité du film mésoporeux. En utilisant la
voltamétrie cyclique couplée a la spectroscopie d'absorption UV-visible, nous avons pu
extraire des informations clés telles que la vitesse du transfert d'électrons hétérogene entre
le chromophore redox immobilisé et le matériau semi-conducteur, et aussi pu rationaliser le
comportement électrochimique spécifique obtenu sur un film GLAD-TiO; modifié par la
porphyrine en condition catalytique. En paralléle, nous avons développé un procédé de
fonctionnalisation de ces films d'oxyde métallique mésoporeux (en I'occurrence des films
GLAD-ITO) par électrogreffage de sels d'aryldiazonium générés in situ, permettant d'obtenir
des électrodes fonctionnalisées avec un taux de recouvrement surfacique élevé et une
stabilité dans le temps particulierement bonne en conditions hydrolytiques.

Nous avons également étudié le stockage de charges au sein d’électrodes GLAD-TiO3
dans divers électrolytes aqueux. Nous avons notamment démontré pour la premiére fois
gu’une insertion rapide, massive et réversible de protons peut étre effectuée dans des films
de TiO2 nanostructurés amorphes immergés dans un tampon aqueux neutre, le donneur de
protons étant alors la forme acide faible du tampon. Nous avons également démontré que ce
processus de stockage d’électrons couplé a I'insertion de protons peut se produire sur toute
la gamme de pH et pour un vaste panel d'acides faibles organiques ou inorganiques, mais
aussi de complexes aqueux d'ions métalliques multivalents, a condition que le potentiel
appliqué et le pKa de I'acide faible soient correctement ajustés.

Mots clés: electrochimie moléculaire, stockage de charge electrochimique, Electrodes
d'oxyde métallique mésoporeux, spectroelectrochimie en temps réel, électrogreffage de sels
d’aryldiazonium, batterie aqueuse, porphyrines immobilisées, réduction catalytique de O,
insertion de protons.



Abstract:

Better understanding of the mechanisms of charge transport/transfer and charge
storage in transparent mesoporous semiconductive metal oxide films (either functionalized
or not by redox-active chromophores) in aqueous electrolytes is of fundamental importance
for the development and optimization of a wide range of safe, eco-compatible and
sustainable energy producing or energy storage devices (e.g., dye-sensitized solar cells,
batteries, photoelectrocatalytic cells, ..). To address this question, mesoporous
semiconductive TiO; films prepared by glancing angle deposition (GLAD-TiO;) were selected
for their unique high surface area, well-controlled morphology, high transparency in the
visible, and well-defined semiconductivity that can be easily adjusted through an external
bias, allowing thus their characterization by real-time spectroelectrochemistry.

We first investigated charge transfer/transport at GLAD-ITO and GLAD-TiO; electrodes
functionalized by a redox-active manganese porphyrin that can play both the role of
chromophore and catalyst. We demonstrate that the electrochemical response of the
modified electrodes, recorded either in the absence or presence of O; as substrate, is strongly
dependent on the mesoporous film conductivity. By using cyclic voltammetry coupled to UV-
visible absorption spectroscopy, we were able to recover some key information such as the
heterogeneous electron transfer rate between the immobilized redox-active dye and the
semiconductive material, and also to rationalize the specific electrochemical behavior
obtained at a porphyrin-modified GLAD TiO; film under catalytic turnover. In parallel, we
developed a new functionalization procedure of mesoporous metal oxide films (GLAD-ITO in
the present case) by electrografting of in-situ generated aryldiazonium salts, allowing for
modified electrodes characterized by both a high surface coverage and a particularly good
stability over time under hydrolytic conditions.

Also, we investigated charge storage at GLAD-TiO; electrodes under various aqueous
electrolytic conditions. We notably evidenced for the first time that fast, massive, and
reversible insertion of protons can occur in amorphous nanostructured TiO; films immersed
in near neutral aqueous buffer, with the proton donor being the weak acid form of the buffer
but not water. We also demonstrated that this proton-coupled electron charge storage
process can occur over the entire range of pH and for a wide range of organic or inorganic
weak acids, but also of multivalent metal ion aquo complexes, as long as the applied potential
and pK, of weak acid are properly adjusted.

Key words: molecular electrochemistry, electrochemical charge storage, Mesoporous metal-
oxide electrodes, real-time spectroelectrochemistry, diazonium electrografting, aqueous
battery, immobilized porphyrins, catalytic O, reduction, proton insertion.



