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Introduction

Finding sustainable energy solutions (production and storage) is of paramount importance in
our efforts to minimize greenhouse gas emissions. One sector that holds significant promise in
this regard is hydrogen production. A study conducted by the International Energy Agency
(IEA) in 2019, titled "The Future of Hydrogen,"! offers a comprehensive and impartial
assessment of hydrogen's current status including its potential contributions to achieving a
clean, secure, and affordable energy future. Interestingly, this report presents the strategies
required to unlock this potential. As a leading authority covering all energy sources and
technologies, the IEA is ideally positioned to settle global policy on hydrogen through
collaboration with governments, industry, and academia. But, this report shows that hydrogen
production is intrinsically linked to societal concerns and political choices. Government
initiatives, including public funding, play a critical role for the creation of innovative solutions.
As well as seeking economies of scale, research plays a central role in lowering production

costs and enhancing performance.

Hydrogen have a rich history of energy applications, including its contribution to the Apollo
moon missions. Despite its long history, demand for hydrogen keep on increasing, having more
than tripled since 1975. However, the majority of hydrogen production still relies on fossil fuels,
resulting in around 830 million tonnes of carbon dioxide (CO) emissions every year. Today,
its production and use highlight two others characteristics: i/ hydrogen's potential for emission-

free use and ii/ its ability to be generated from a variety of low-carbon energy sources.

Figure 1 depicts the distribution of hydrogen production and use. Hydrogen can be produced
from fossil fuels, biomass, or through water electrolysis. Its high energy content per unit of
mass makes it an attractive transport fuel. The water electrolysis reaction is the only known
process that splits the water molecule to produce Ha, with dioxygen (Oz) as the only by-product.
However, currently, less than 0.1% of global hydrogen production comes from water
electrolysis, primarily serving markets requiring high-purity hydrogen, such as electronics and
polysilicon production. Natural gas remains the dominant source of hydrogen production,
followed by coal and a smaller portion from oil and electricity. The hydrogen production
through electrolysis requires an energy source to apply an electrical bias to split the water
molecules, which entails significant production costs. Overcoming this obstacle is essential if

we are to achieve global production that is competitive with oil. This challenge has led to the
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colour classification of hydrogen production based on its production process (origin of reactants
and energy source). Colours such as "black,"” "grey,” or "brown™ indicate hydrogen produced
from coal, natural gas, and lignite, respectively. "Blue" is commonly used for hydrogen
production from fossil fuels with a reduction in CO2 emissions thanks to carbon capture or

storage. "Green" refers to hydrogen produced from renewable electricity using electrolysers.
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Figure 1: Today’s Hydrogen product chain, from @ IEA 2019.

Another aspect highlighted by the IEA concerning the long-term use of hydrogen is the
maximization of its usage beyond existing industrial applications. New sectors of interest have
emerged, increasing the demand for renewable hydrogen. The transport, buildings, and power
sectors hold the potential to utilize hydrogen if production and utilization costs align favourably

with other alternatives.

Nevertheless, beyond all considerations on the cost and the origin of the energy source for
electrolysis of water, the composition of electrolyser device itself presents challenges, as many
current devices rely on noble metals for both the cathode and anode components, potentially
leading to future shortage. Consequently, new electrodes compositions are actively searched to

maintain a high reactivity with more available metals.

The scientific community has explored sustainable hydrogen production as a means of storing
solar energy, inspired by artificial photosynthesis. Solar energy, among various sustainable
sources, stands out as an abundant and virtually limitless resource, with an estimated power
capacity nearly 10,000 times greater than global power consumption (17.7 TW). Converting
solar energy into chemical energy (within the dihydrogen bond) through photoelectrochemical
(PEC) water splitting is an attractive strategy for meeting the growing demand for energy while
considering the availability of raw material through the use of easily available semiconductors.
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The choice of materials for solar water splitting also considers factors such as price, potential
impact on the environment and abundance on Earth. One of the advantages of PEC water
splitting systems is their ability to reduce applied bias by absorbing solar light energy. A variety
of semiconductors allow the built of devices with two photon absorbers, one for the
photocathode (where water is reduced to Hz) and one for the photoanode (where water is
oxidised to O»), creating a fully functional closed system without the need for external bias.
However, such a device introduces new constraints, notably the need for a single electrolyte
that ensure the durability and efficiency of the photocathode and photoanode. While efficient
copper-based photocathode materials have been proposed, they typically function in acidic
aqueous electrolytes. This presents a significant challenge in the search for compatible materials
for photoanodes. The oxidation of water to produce one mole of oxygen requires twice as many
charge carriers as the production of the same amount hydrogen, which has an impact on overall
efficiency. Furthermore, employing acidic aqueous electrolytes to support efficient
photoelectrochemical water oxidation is detrimental to the overall efficiency and durability of
the PEC water-splitting system.

In this thesis, we explore different strategies aimed at developing an efficient and durable
photoanode that is compatible with an electrolyte in a weakly acidic environment. The choice
of the photoanode material was set to bismuth vanadate for prior studies in the laboratory and
in the literature demonstrate its efficiency in alkaline and neutral medium. The manuscript
reporting the research work in order to improve that photoanode according to our requirements

is structured as follows:

The chapter | provides a general introduction to photoelectrochemical water-splitting. It
outlines the photoelectrochemical water-splitting process, discusses its thermodynamic
constraints, and introduces advanced research focused on efficient photoanode generation using
the semiconductor bismuth vanadate (BiVOs). The chapter explains both intrinsic and
environmental limitations, highlighting the challenges of comparing materials, particularly
dependent on the electrolyte's pH and composition. Additionally, the critical challenges posed
by this material for generating a photoelectrochemical tandem-cell device with a photocathode

under acid conditions are discussed.

Chapter Il concerns the development of an efficient BiVOs electrode and it is divided into two
parts. The first part focuses on the development of an efficient photoanode based on BiVO4
through a scalable and accessible synthesis method, combining Sol-gel chemistry and the dip-

coating deposition technique. An in-depth study was carried out into the impact of the
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electrolyte and chemical modifications to BiVO4 and its electrode/electrolyte interface on the
efficiency of water oxidation and its durability. In the second part of Chapter Il, we focus on
improving the durability of the photoanode. To this end, we study the approach of depositing a
titanium dioxide passivation layer on the surface of BiVOs-photoanode. In this part, two
deposition methods were explored: atomic layer deposition and the sol-gel process coupled with
dip-coating process. Our objective was to determine how the thickness and crystallinity of the
passivation layer affect the performances of the BiVO4 photoanode.

Chapter 11 introduces a novel approach to generating BiVO4 photoanode with controlled
thickness. This approach involves a two-step process in which BiVO4 nanoparticles are first
synthesized and then deposited on the electrode substrate using dip-coating. This method offers
the advantage of structural and morphological control of BiVOs prior to deposition, as well as
the possibility of creating heterojunctions. New hydrothermal synthesis methods are developed
to generate nano-sized BiVO4 particles. Interestingly, we developed a one-step deposition
method to create n-n heterojunction, inspired by the "brick and mortar" approach. This method
involves dispersing Mo-doped BiVOs nanoparticles in a V20s gel, allowing a film to be
deposited in a single dip-coating step. This approach enables the synthesis of a heterostructured
photoanode with strong particle/particle contact facilitated by V.Os, which acts as a binding

agent.

Finally, a general conclusion and outlook are given, bringing together the results and the areas
that could be developed to improve and produce photoanodes compatible with photocathodes

in acid conditions.

(1) IEA. The Future of Hydrogen; OECD, 2019. https://doi.org/10.1787/1e0514c4-en.
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Exploring Photoelectrochemical Water Splitting:
Thermodynamic Constraints and Advances in Bismuth

Vanadate Photoanodes

1. Introduction

Solar energy compared to different sustainable energy sources stands out as an abundant and
limitless resource. With an estimated power capacity of 173,000 Terawatts (TW), which is
nearly 10,000 times greater than the global power consumption of 17.7 TW, its conversion into
electricity is very interesting.™? Nonetheless, solar energy's uneven distribution and intermittent
nature pose significant challenges in meeting our energy needs. However, scientists have turned
to nature for inspiration, leading to the development of artificial synthesis methods where solar
energy can be converted into bonding energy stored in chemical bonds. This approach is very
promising for addressing the challenges associated with solar energy purpose.* The molecule
of dihydrogen is a very interesting molecule to consider for energy storage into a chemical
bond. It is a carbon-free source with a high energy storage density. It has been determined that
the energy provided to split the water molecule corresponds to a positive increase of the Gibbs
free energy by 237 kJ mol*.2

The reaction can be written as:

1
H,0 () » H, (g) + > 0,(g) AG= 237Kjmol™* (1)

Performing the water-splitting reaction allows to store electric energy into a chemical form
within the H> molecule. The energy per electron required to split a water molecule, also
described as the thermodynamic voltage corresponds to the standard potential E°(O2/H20) of
1.23 V vs NHE.#

A classical electrolyser cell consists mainly of anode, cathode, membrane/separator, frames,

sealing and bipolar plates (Figure 1). The cathode serves for the reduction of water (Hydrogen

Evolution Reaction — HER) and the anode for water oxidation (Oxygen Evolution Reaction,

OER). The devices are classified into three categories, comprising the use of liquid electrolytes:
- Alkaline Water Electrolysis (AWE), electrolysis in an acid ionomer environment

- Polymer Electrolyte Membrane Electrolysis (PEM)/Solid Polymer Electrolysis (SPE)
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- Solid Oxide Electrolyte with Steam electrolysis (High temperature electrolysis -HTEL
or SOEL).°

Generally, for all systems, cathode materials with the most efficiency are based on noble metal
Pt, or Pd. Ni-based materials can be found for the anode in AWE or SOEL, and IrO> for PEM.
Most of the systems operate with heat, with a minimum of 40 °C to 1000°C. All these systems
are well described in the literature as shown by the study by Rashid et al.> However, water
electrolysis in a standard water-splitting device requires an overpotential for the two half-
reactions to occur. The cathode requires a potential more negative than E°(H*/ Hz) = 0 Vrue to
produce hydrogen. At the anode, an overpotential of more than 0.2 V must be applied because
OER involves twice as many electrons as HER. Consequently, the activation energy is much
higher for OER.

Q oo@@ <—@
o —>

Hy— 7 o —+0,
Bipolar plate —
=T IH,0
J membrane |_
Cathode Anode
0V vs RHE 1.23V vs RHE
AH*+4e=2H, 2H,0=0,+4H*+4¢

Figure 1: Classical electrolyser, @ reproduced from L'Esprit sorcier/CEA

Combining solar harvesting and dihydrogen production through photoelectrochemical (PEC)
water splitting is a very attractive strategy for simultaneously meeting growing energy demands
and supply challenges.®” One of the advantages of PEC water-splitting systems is that they
enable a reduction in applied bias through the absorption of photon energy.

Various types of photoelectrochemical cells can be employed. These cells consist of two
electrodes, similar to traditional electrolysis, with a cathode and an anode, but they also include
at least one photoelectrode, which absorbs energy from the solar spectrum. This absorption of

energy may initiate half-cell reactions at each electrode, leading to the decomposition of water
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into H, and O,.° To achieve this, the photoelectrode must absorb light and generate photoexcited
electron/hole pairs. Subsequently, these charge carriers have to separate from each other. The
photogenerated holes migrate to the interface between the photo-anode and the electrolyte,
where they oxidize water molecules into Oz, while the photogenerated electrons flow through
the external circuit to reduce protons, resulting in the formation of H; at the cathode as described

with equation (2) and (3):

2H,0+4ht > 4H" + 0, +4e” )
4H* +4e —>2H, (3)

2. Semiconductor behaviour in electrolyte

In PEC water-splitting, the materials used for each electrode are semiconductors which are
immersed in an electrolyte solution containing the redox couple (A/A’), with A/A
corresponding to O2/H20 for the water oxidation half-reaction or H*/H; for the water reduction.
A difference between the Fermi level (Ef) of the semiconductor and the electrochemical
potential of the electrolyte -qE°way) Where E is the Nernst potential of the redox pair (A/A")
exists (Figure 2.A).

This difference in potential has to be equalized for the system to reach equilibrium.>® To
accomplish this, charge carriers, such as electrons, must flow across the interface between the
semiconductor and the electrolyte, creating a potential gradient known as band bending. Band
bending represents a distortion of the energy levels in the valence and conduction bands of the
semiconductor near the interface.2®® For a photoelectrochemical water splitting device, in the
presence of a n-type semiconductor the Fermi level is shifted close to the conduction band (CB)
and the potential of O2/H20O redox couple. On the opposite, for a p-type semiconductor, the
Fermi level is shifted close to the valence band (VB) and the potential of the H*/H; as redox
couples. Other factors can induce band bending, notably the application of a potential between
the working electrode and the reference one. Due to band bending, the main potential drop
occurs inside the semiconductor, facilitating charge separation in the space charge layer (SCL).
This corresponds to the region of the semiconductor where the potential gradient is established
as shown in Figure 2.8 N-type semiconductor are generally employed as photoanode material

due to the flow of positive charges from the bulk to the electrolyte solution.
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A. Before equilibrium B. After equilibrium C. Iluminated
(Open Circuit, dark) (Open Circuit, light)
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5 e .
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Figure 2: Band diagram of n-type semiconductor (n-SC)/liquid interface presented in three cases
. (A) before equilibrium (B) after equilibrium in the dark where Vﬁ%”‘ is kown as the barrier
height and correspond to the theoretical maximum energy that can be extracted from a separated
electron-hole pair at the n-SC/liquid junction, (C) illuminated, in non-equilibrium conditions
where Es is split into two quasi-Fermi levels Ez, and Ezp with the open circuit voltage Vo which

further splits into open-circuit photovoltage Vpn, oc and the open-circuit hole voltage Vp, oc. Inspired

from ref /°

As Figure 2 presents the example of a n-type semiconductor in an open circuit, electrons and
holes pairs recombine easily in the flat band region. In contrast, they separate efficiently at the
SCL without illumination, where the Fermi level Ef is perfectly aligned with the liquid
electrochemical potential -qE°@ay (Figure 2.B). Under light, the equilibrium changes due
electron-hole pairs generation within the n-type semiconductor immersed in an electrolyte
solution. The Ef at equilibrium is splitting into two quasi-Fermi levels which describe the
electrochemical potential of a hole or an electron. Each population can be separately describe
thanks to the Fermi-Dirac statistics . The difference between electron and hole quasi-Fermi
levels (Ern and Exp) is defined as the open-circuit voltage, Voc.® This directly affects the band
bending, making it smaller. The reduction of the band bending upon illumination is then

calculated as follows:

_ ydark light
Vonoc = Vrugoc — VrHEOC 4
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Because, under light, the movement of charges influences the positions of the conduction and
valence bands, the photovoltage is assimilated to a change in electrostatic potential and is

associated with the open-circuit voltage of the cell, Vp, oc:

Voo = Voc = Vph, oc = Ege' — Efar (5)
Even if a semiconductor has suitable band edge positions to enable PEC water-splitting
reactions, higher photovoltages are still required to drive the reaction.” This phenomenon is
attributed to kinetic processes that influence photovoltages and lead to the recombination of
electron-hole pairs.

These recombination phenomena are described by Walter et al. and the corresponding current
density are summarized below:

e Recombination in the bulk of the solid (Jor),

e Recombination in the depletion region (Jar),

e Tunnel through the electric potential barrier near the surface (J),

e Thermionic emission (Jet) by thermally overcoming the interfacial potential barrier,

e Recombination at defects at the semiconductor/electrolyte interface (Jss).
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Figure 3: Recombination pathways for photoexcited carriers in a semiconductor
photoelectrochemical cell (thin arrows). The electron-hole pairs can recombine through a current
density associated to five type of recombination. Electron collection by the back contact and hole
collection by the redox couple contribute positively to device efficiency (thick black arrows).
Extracted from Walter et al’, which is a reproduction of the work from Lewis et al, ref.%

In summary, considering all these recombination processes and losses, a semiconductor can
only effectively drive water photoelectrolysis when recombination is adequately suppressed.
The efficiency of charge carrier separation and the kinetics of the reaction becomes crucial

factors in achieving efficient water-splitting.?
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3. Photoelectrochemical Cells

a. Simple PEC cell

Different types of tandem cells have been proposed in the literature to effectively split the water
molecule using the solar spectrum. As reported by Jiang et al. and Walter et al.,
photoelectrochemical water splitting devices can be constructed using a variety of
configurations, including single band gap devices and dual band gap devices.>’ The material
used as photoelectrodes are n- or p-type semiconductors.!:*2

Figure 4, describes a simple PEC cell with a single band gap device based on n-SC photoanode.
This electrode is electrically connected to a metal counter electrode, platinum for example. In
this device, the three main processes are i) light absorption, ii) separation and iii) transport of

charge carrier and iii) redox reactions at the surface.
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Figure 4: Scheme of simple PEC with n-SC photoanode connected to a metal counter electrode in

acidic/neutral condition under non equilibrium (illumination) adapted from ref.?
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b. PEC performance evaluation

To determine the performance of a PEC cell, we use the concept of energy conversion
efficiency. It is commonly quantified by the standard solar-to-hydrogen conversion efficiency
(STH), which represents the ratio between the total energy generated and the total energy input
by sunlight irradiation under AM 1.5G conditions with an intensity of 100 mW cm=2. It is
determined with the equation (4):

Total energy generated  AG X ry,

(6)

TSTH T T Total energy input  Pogp X S

with AG is the Gibbs free energy (237 kJ mol™), ry, is the rate of Hz production (mol s), Py,

is the incident light (100 mW cm™2) and S is the illuminated surface of the electrode (cm?).

In cases where an external bias is applied to the PEC system, the electrical energy contributed
by the bias must be considered. Therefore, the applied bias photon-to-current efficiency (ABPE)
is often used to estimate the efficiency after subtracting the electrical energy:

]ph(vredox - AEapp) X 17 pg

Plight

ABPE = (7

with Vi..q0x the redox potential of water-splitting (1.23 Vre), AE,p,;, the actual bias potential
difference between the working and counter electrode (V), 7 g the Faradic efficiency, Pyjgp, is
the incident power of the solar simulated light (100 mW cm™) and Jon the generated
photocurrent density (mA cm)

In a tree-electrodes system, the AE,,,,, is calculated from the applied potential E, assuming that
the overpotential for HER is negligible at the counter electrode:

AE,pp = E° (0,/H;0) - E (8)
The hypothetical ABPE corresponds to the half-cell, STH and is independent of the properties
of the counter cathode meaning that half-cell STH efficient is different from the ABPE one in
a two-electrode system.®

The Faradic efficiency ( n zg) provides information on the selectivity of OER at the photoanode
in competition with the photocorrosion phenomenon. It is defined as the ratio of the actual
evolved gas divided by the theoretical evolved gas based on the measured photocurrent.? In the
case of oxygen evolution, the amount of O, can be quantified by gas chromatography, mass

spectroscopy and an Oz gas sensor, using an oxygen electrode of the fluorescence detector.
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Experimental gas evolution 0, measured
NFE = =

Theoretical gas evolution ~ Gas evolution based on the photocurrent

_ Oz measured X e X 4 X Ny
]photo XSXT

x 100 €))

with the gas evolution unit (moles), J hoto the photocurrent density (A cm2) measured during

the time T (s), S the illuminated surface of the photoelectrode (cm?), e the charge of an electron
(1.602 10*° C) and N, the Avogadro constant (6.02 107 mol™).

The incident photon-to-current conversion efficiency (IPCE) is an accessible method to
evaluate external quantum efficiency (also called apparent quantum efficiency). The IPCE is
defined of the ratio of /., at a static potential vs. the incident photon of a monochromatic

incident light:

]hoto(l) hc
(p e )X(T) 1000  Jonowo(2) 1240 .
P(1) *100% =575 X1 (10)

with Jh010(4) the photocurrent density at the wavelength A (nm) of incident light (mA cm?), e

IPCE =

the charge of an electron (1.602 107 C), h Planck’s constant (6.626 1073 J s), ¢ light celerity
(3 108 m s1), P(A) the incident power of the specific wavelength A (mW cm).

c. PEC tandem cell configurations

As presented in Figure 5, single band gap devices can be represented by the Type I and Type
I1. As described by Jiang et al, the simplest Type | (Figure 5.a) contains one semiconducting
light absorber, a photoanode or photocathode.? Single band gap devices require a semiconductor
with a minimum band gap of 1.6 to 1.7 eV to generate the necessary voltage for water-splitting.”
However, a band gap greater than 2 eV is generally preferred due to voltage-loss mechanisms
and overpotential generally required to promote HER and OER.28 As part of this strategy,
heterostructures composed of multiple semiconductors are being investigated to enhance device
performance by efficiently absorbing a greater proportion of the solar spectrum and modifying
charge transport. This modification is achieved by generating a band bending between the

semiconductors at the heterojunction, as demonstrated with Type 1l (Figure 5.b).

Nevertheless, this strategy has certain drawbacks, in particular the risk of generating
recombination sites at grain boundaries. Some configurations combine the single-band gap
device with a photovoltaic cell to compensate for external bias by converting solar energy
directly into electricity. However, while this approach eliminates the need for external bias, it
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does not address the question of the choice of counter electrodes, which are generally composed

of expensive noble metals, whether they serve as anodes or cathodes.
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Figure 5: Various PEC water splitting device configurations: (a) type | single light absorber; (b)
type Il heterojunction photoelectrode; (c) type 111 wired PEC tandem cell; (d) type IV wireless
PEC tandem cell. Modified from ref.?

Compared with single-band gap devices, dual-band gap PEC cells can produce dihydrogen
without the need for an external bias, using photoelectrodes made from metal oxides that are
more readily available and cost-effective. This makes them a promising final strategy.
Additionally, they offer the advantage of exploring combinations of semiconductors with
smaller band gaps, enabling complementary absorption and enhanced stability characteristics.’
For example, catalysts integrated at the semiconductor/liquid interfaces can improve reaction
kinetics and overcome voltage losses. Without external bias, two configuration exists, the type
I11 and the type IV (Figure 5.c,d). Type Il corresponds to a photocathode and a photoanode

linked by a conductive metal wire. The type IV configuration have a unique photoelectrode
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composed of the photoanode in one side and the photocathode in the other side with an electron
collector in between. This last configuration avoids the use of wires to connect each
photoelectrode. Both devices require the photoanode's conduction band minimum to be more
negative than the valence band of the photocathode.™® Maintaining the required photovoltages,
reducing losses at semiconductor/liquid junctions, and achieving high photocurrent density in
tandem configurations are crucial challenges. Additionally, it is essential to guarantee the
stability of materials and to consider cost factors when practical applications are considered. To
create an efficient PEC cell in Type Il or IV configuration, general criteria must be met and
are essential for this application.
In general, the photoelectrodes should have:

e appropriate band alignment to allow HER or OER on its surface,
Indeed for OER, the valence band (VB) should have a higher potential than the oxidation
potential value, E°(O2/H.0) and for HER, the VB must be lower than E°(H*/H).8

e good absorption in the solar spectrum,
The band gap should allow the absorption of wavelength from the visible light region since it
constitutes the primary portion of the solar spectrum, meaning that it should be lower than
3.1 eV, equivalent to 400 nm.®

e fast and efficient charge separation and transport.
Low reaction kinetics and charge recombination are the primary obstacles to achieving high
PEC performance. Since PEC water-splitting occurs in aqueous media, the process is also
significantly influenced by the efficient transfer of charges. It involves their interaction at the
surface with the electrolyte, as well as the effective separation of photogenerated excitons
within the space charge layer.

e high stability in the electrolyte 1415
The pH of the electrolyte can affect the chemical stability and act as a favourable factor for the
degradation of photoelectrodes through photocorrosion. It can be described as a competitive
reaction at the OER where the electron/hole pairs created by the absorption of solar energy,
react to produce active species that contribute to the degradation of the electrode.
Photocorrosion occurs mainly on the surface of the photoanode when it is exposed to
illumination in the presence of the electrolyte, and this effect is further intensified when a

voltage bias is applied.”®
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As for photocathode materials, copper oxide Cu.O based photoelectrodes have shown very
promising results in the literature under acidic conditions.?!’ With its lower band-gap of 1.4 eV,
it could be coupled with efficient photoanode.?’ To obtain a Type 111 or IV configuration, the
main bottleneck remains the photoanode material because generating O2 in the OER requires
doubling the charges in the HER.

4. Photoanode materials choice

Various semiconductors have been reported as potential photoanode materials. The band gap
(Eg) for a semiconductor is between 1 and 5 eV.2*8 In figure 6, only few n-type semiconductor
present absorption in the visible range of the solar spectrum. Among them, (TiO2 (Eg = 3 eV)
or WOz (Eg = 2.7 eV)), BiVO4 exhibits the lowest band gap (Eg ~2.4 eV) a well aligned
valence band for OER and is cheaper than current anodes in a classical electrolyser.!'®
Moreover, compared to other common oxygen evolution photocatalysts like WOz and Fe>Os,
BiVO4 has a CB edge at 0.02 VrHe. As a result, less bias potential is needed to bring the
photoexcited electrons above the reduction potential of water (0.0 Vrue).!* Indeed, to drive the
water-splitting reaction, the electrons must have energy higher than the water's reduction
potential of 0.0 Vrue. When coupled with a photocathode, an efficient electron transfer from
BiVO4 photoanode to the photocathode can potentially reduce the bias voltage required to drive
the overall water-splitting reaction. This would reach a self-sustaining reaction solely driven by
light absorption.!! Interestingly, even if Fe,Os presents a lowest band gap and a theoretical
photocurrent of 12 mA cm, it is strongly limited by the bulk recombination of electrons and
holes due to a short carrier diffusion length (less than 10 nm). For BiVO4 semiconductor, its
theoretical STH efficiency is about 9.2 % with a maximum of photocurrent of 7.5 mA cm™
under standard AM 1.5 solar light irradiation.’>2°?! However, in practical experiments,
achieving such high photocurrents is challenging, despite the various strategies employed, such

as doping, surface passivation, and nanostructuring, to enhance its photoactivity.*?2
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Figure 6: Maximum solar-to-hydrogen conversion efficiency and solar photocurrent as a function
of the top cell band gap energy in a tandem cell with the loss assumptions identical to Figure 2.
The band gap energies and efficiency range for commonly used semiconductor oxide photoanodes

are also shown. Extracted from the work of Prévot & Sivulal3

a. Bismuth vanadate metal oxide

BiVOys has the ability to crystallize in three different structures:1923.24
e the tetragonal zircon (t-z) structure corresponding to the kinetic phase,
e the tetragonal scheelite (t-s) structure with intermediate stability,

e the monoclinic scheelite (m-s) structure which is the thermodynamic phase.?

In Figure 7.a, for each structure, the vanadium coordination polyhedra is a tetrahedron,VOsand
the bismuth is surrounded by eight oxygen atoms, BiOs from eight different VO, units.*82526
The different space groups are detailed in Figure 8.1%242627 The m-s polymorph is the most
interesting phase for photoelectrochemical application due to its ability to absorb more light of
the solar spectrum as it exhibits the lowest band gap of 2.4-2.5 eV compared to 2.6 eV and

2.8 eV for t-s and t-z polymorph, respectively. It has been reported that distortion in the

30



crystalline structure of BiVO. ensures interactions between Bi 6s and O 2p orbitals.?®2° These
phenomena justify the lowest band gap value for m-s polymorphs and its better photoactivity
as explained by the work of J. K. Cooper et al.?® In their work, they have determined the energy
level diagram of BiVO4 m-s (Figure 7.b).This distortions usually exposed for BiVO4 m-s have
also been observed for BiVOat-s, as in the work of S. Hilliard et al.*® and Tokunaga et al.®

Even if it is a promising photoanode material, BiVO4 presents major outcomes that prevent
high photocurrents from being obtained. It has intrinsic low electron — hole pairs mobility, slow
water oxidation kinetics and has also the limitation of holes diffusion length around
70— 100 nm.3*3% It was revealed that the low electron mobility in the material, was a
consequence of the overlap of V 3d with Bi 6p. To overcome this limitation, W5 or Mo®*

doping has been proposed as it improves the electronic conductivity of the material.
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Figure 7: a) crystalline structure visualisation of BiVO, Tetragonal Zircon PDF 00-014-0133,
Tetragonal Scheelite PDF 04-010-5710, Monoclinic Scheelite PDF 04-010-5713; V¢ corresponds to

unit-cell volume b) electronic structure of BiVO4 m-s calculated by Cooper J. K; et al?®

31



b. BiVO4 photoanode design

In the past decades, various shapes of BiVOs particles have been produced for photocatalytic
applications. The synthesis methods employed were mostly hydrothermal syntheses, resulting
in a wide range of morphologies including square-like, octahedral, spherical, porous, nanoplates
, spherical, dendrite, flower-like.3*3° All these synthesis strategies result in micron-sized
particles. To use BiVO;4 particles as photoanode material, they must form a good contact with
the substrate, typically fluorine doped tin-oxide (FTO) which collects electrons. It should also
takes in consideration the limiting holes diffusion length around 70 — 100 nm, which then
requires the use of nanometric-sized BiVOys particles.® To combine these requirements, various
synthesis/deposition process were developed as electrodeposition “°, spin-coating or dip-
coating %4, spray pyrolysis #> or chemical vapor deposition (CVD) “3. The choice of synthesis
impacts the structure and microstructure of the BiVO4 nanoparticles film on the substrate. It
aims at enhancing the overall PEC water oxidation. As mentioned earlier, in the PEC water
oxidation half-reaction, electron transfer at the semiconductor/electrolyte interface competes
with the recombination of electron/hole photocharges in the bulk and on the surface.? To
improve the OER performance, the general strategy involves an optimization of each steps of
the water oxidation process including: i/ the enhancement of light absorption and charge
transfer efficiency and ii/ the optimization of charge separation. Additionally, the chemical
stability of the electrode should be addressed in the dedicated electrolyte. In the review of
Gaikwad et al., they classified electrode optimization strategies into three main categories,
those that address modifications to the “bulk” materials of the electrode, electrode surface
engineering which corresponds to the surface in contact with the electrolyte and the fabrication
of heterojunction referred as interface engineering.! In table 1, the evolution of photocurrent
density as function of the strategy applied between pristine BiVVO4 photoanode and the modified
one is reported with the measurement’s conditions at 1.23 Vrne under standardize simulated
light illumination (100 mW cm?; AM 1.5 G). Then, the best results in the literature with mix

strategies are presented in the last part of the table.
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Strategy Electrode design Synthesis method Electrolyte Performance Performances Ref.
(pristine BiVOa4) (after modifications)
at 1.23 VrHE at 1.23 VrHE
Bulk FTO/BiVO, (040) seed-assisted hydrothermal |1 M potassium |0.25 mA cm™ 2.5 mA cm? 44
synthesis + electrochemical |borate buffer . .
Morphology . Onset potential ~ Onset potential ~
faceted treatment in borate buffer (pH 9.5) 0.4 Ve 0.25 Ve
(pH 9.5) / /
Bulk FTO/BiVO, (001) Oriented BiVO, solid state  [0.5 M potassium |0.25 mA cm 3.9 mA cm? 45
Morphology: reaction + Laser ablation ?hfls%hate buffer Onset potential ~ Onset potential ~
facets exposition Randomly oriented BiVOa: P 0.7 VRrHe 0.55 VrHe
sol-gel drop-casting IPCE7% @ 350 nm  |IPCE ~ 74 % @ 350 nm
Bulk FTO/BiVO, Spray pyrolysis + 0.1 M phosphate |1,2 mA cm? 4.3 mA cm 46
Defect engineering Photocharging in electrolyte ?o;latleot))uffer Onset potential ~ Onset potential ~
(O vacancies) P 0.7 VRrHe 0.25 VrHe
IPCE ~30% @ 430 nm |IPCE ~90 % @ 430 nm
Bulk FTO/Mo:BiVO, DLI-CVD 0.5 M potassium [1.5 mA cm™ 2.4 mA cm? 43
Mo-doping ?hﬁsgr%te buffer Onset potential ~ Onset potential ~
P 0.5 Vire 0.3 Vire
IPCE~25% @ 430 nm |IPCE ~40 % @ 430 nm
Bulk FTO/Mo:BiVO, Spin-coating BiVO4seeds + |0.2 M potassium |0.6 mA cm™ 3.18 mA cm™ 47
. subsequently growth of phosphate buffer . .
Mo-doping o ; o ~ Onset potential ~ Onset potential ~
Mo:BiVO4 with substitution | (pH~7) 0.75 Ve 0.55 Ve

of VV / Mo at various
temperature

IPCE ~ 22 % @ 420 nm

IPCE ~50 % @ 420 nm
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Interface FTO/WO3/BiVO, WO;: wet chemical 0.5 M potassium |0.30 mA cm 2.83 mA cm? 48
Type Il reduction reaction Su:_? r;a';e, K2S04 Onset potential ~ Onset potential ~
heterpjunction n-n BiVOys: spin coating (PH 7.1) 0.6 VrHe 0.4 Vrue
Junction IPCE ~ 10 % @ 430 nm | IPCE ~ 45 % @ 430 nm
Interface FTO/TaON/BiVO, BiVO.: Electrodeposition of [0.1 M potassium |1.5 mA cm 2.6 mA cm? 49
BiOl and conversion to phosphate buffer . .
Type Il . . . Onset potential ~ Onset potential ~
heterojunction n-n BIVO, by Impregnation- (PHT) 0.4 Vrue 0.25 VrHe
i unction calcmat_lon process +
J Immersion in TaON / /
suspension
TaON: Ta,Os particles
heated under NH3
Interface FTO/BIiOI/BiVO, BiVOy: Electrodeposition of |0.5 M potassium |1.23 mA cm? 3.27 mA cm? 50
Tvoe |1 (nanoporous) BiOl and conversion to phosphate buffer / /
hgtre)zrojunction p-n BiVQ, by impregnation- (PHT)
unction calcination process + IPCE ~ 13 % @ 430 IPCE ~44 % @ 430
J Eelectrodeposition of BiOl nmIPCE ~ nmIPCE ~
Interface FTO/AgVOs3/BiVO, BiVOys: spin-coating 0.1 M sodium  |0.25 mA cm? 1.5 mA cm? 51
Type Il AgVOs: SILAR process ?“mafs’ NazS0s| onset potential ~ Onset potential ~
heterojunction p-n deposition Pro. 0.9 VrHe 0.7 Vree

junction

IPCE =7 % @ 420-450
nm

/
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Surface funct. FTO/BiVO./ TisC,Tx Nanoporous RA-BiVO.: 1.0 M phosphate [2.1 mA cm= 3.45 mA cm? 52
. i Electrodeposition of BiOl borate buffer ‘ol cr
Metal carbide co and conversion to BiVOsby | (pH 9.3) Onset potential Onset potential
catalyst . ) . 0.4 Vrue 0.4 VRrue
impregnation-calcination
process + reannealing (RA) IPCE ~29 % @ 430 nm [IPCE =58 % @ 430 nm
in Ar
TisC,Ty. etching process of
TisAlC; + spin-coating
Surface funct. FTO/BiVO./Co (salophen) |BiVOs: Electrodeposition of |1.0 M Phosphate | 1.48 mA cm 4.27 mA cm 53
Co-catalyst BIOI and conversion to buffer (pH 7) Onset potential ~ Onset potential ~
BiVO, by impregnation- 042 V 02V
calcination process +room e TRHE o VRHE
temperature soaking for Stability ~ 3 h Stability ~3 h
Co(salophen) IPCE ~ 40 % @430 nm | IPCE ~ 89 % @430 nm
Surface funct. FTO/BiVO.4/p-FeOOH BiVO.: Electrodeposition of |0.2 M Na;SOs | 1 mA cm™ 4.3 mA cm? 54
Metal S:\C;Ioar:)d ??T?Vrizrsr:(;?iéﬁ- (pH 7) Onset potential ~ Onset potential ~
oxide/hydroxide- i y 1mpreg 0.62 Vi 0.42 Vrre
based cocatalysts calcination process + .
solution impregnation IPCE ~ 10 % @420 nm |Stability ~2 h
method (B-FeOOH) IPCE = 55% @420 nm
Surface funct. FTO/BiVO./AIl,O3 BiVO.: Electrodeposition of | 0.5 M sodium  |1.34 mA cm™ 1.2 mA cm? 55
o BiOl and conversion to sulphate, Na,SO, . ..
Passivation layer BiVO. by impregnation- (pH 6) Onset potential Onset Potential
. R 03 VRHE 06 VRHE
calcination process
/ /

Al>O3: plasma-enhance ALD
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Surface funct. FTO/BiVO4/TiO/Ni BiVO.: spin-coating + ALD [0.1 M potassium |~ 0.5 mA cm 1.3 mA cm? 56
Passivation layer of TiO; ?ggrcl)g(;de, KOH Onset potential ~ Onset potential ~
Coupled with Sputtering of Ni 0.7 VrHe 0.6 VrHe
catalyst Stability for minutes Stability for hours (4 h)
COMBINED STRATEGIES
Bulk + Interface +|FTO/WOQO3/Mo:BiVO4/Co-Pi |WOs: wet chemical 0.5 M potassium |0.30 mA cm™ 5.38 mA cm? 48
Surface funct. reduction reaction iu:_ﬁ)r;a;(;, K2SO0s | 5set potential ~ Onset potential ~
Doping/n-n BiVOy: spin coating pr1. 0.6 VrHE 0.4 VrHe
{:‘;?glt"s’[‘/ €0- Co-Pi: photo-assisted IPCE ~ 10 % @ 430 nm |IPCE ~ 75 % @ 430 nm
y electrodeposition
Bulk + Interface |FTO/AgVO3s/Mo:BiVO, Mo:BiVOs: spin-coating 0.1 M sodium 0.25 mA cm 1.93 mA cm? 51
Doping/p-n AgVOs: SILAR process ?umréa;[le), NazSOs| 5yget potential ~ Onset potential ~
junction deposition prLo. 0.9 Vrhe 0.6 VrHE
IPCE=7 % @ 420-450 |IPCE =53 % @ 420-
nm 450 nm
Interface + FTO/TaON/BiVO4/Co-Pi Electrodeposition of BiOl 0.1 M potassium | 1.5 mA cm 3.6 mA cm? 49
Surface funct. ?rrrlld rceor;]\;(iirzlncirg ;Ioc i%:a\t/igr;l by phﬁsghate buffer Onset potential ~ Onset potential ~
n-n junction/ co- preg . (PHT) 0.4 VrHE 0.25 Vrue
catalyst process + Immersmn in
TaON suspension / /

TaON: TayOs particles
heated under NHs

Co-Pi: photo-assisted
electrodeposition
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catalyst + textured
FTO substrate

(textured FTO)

Co-Pi: electrodeposition

Onset potential ~
0.6 Vrhe

Bulk + Interface |FTO/WOs/W:BiVO4/BiVO, |WOgz: Sol-gel and spin- 0.5 M, sodium |0.4 mA cm? 2.6 mA cm? 57
Graded layers, coating Su:_?%ate’ NazSOx Onset potential ~ Onset potential ~
doping, and n-n BiVO4 and W:BiVOs: spin (PH 6) 0.75 VRrHe 0.6 VrHE
junction coating / /
Bulk + Surface FTO/b-BiVOLTiOz BiVO.: Electrodeposition of |0.5 potassium 1.9 mA cm? 6.12 mA cm? 58
funct. (b = Black) g:\?loar:)d (;?T:Wrirsr'](;?ié?]_ phf's;) hate buffer Onset potential ~ Onset potential ~
Lattices/ 24Dy Impreg (PHT) 0.4 Vrie 0.2 Vrhe
assivation calcination process
P TiO. ALD IPCE ~60 % @ 450 nm |IPCE ~ 90 % @ 450 nm
2.
Hydrogen plasma treatment Stability ~ 100 h
Surface FTO/BiVO.4/FexNii«OOH  |BiVOs: Electrodeposition of |0.5 M potassium |2.1 mA cm 5.8 mA cm? 59
. BiOl and conversion to borate, K3sBO3 . .
Naporous film + : . . : Onset potential ~ Onset potential ~
co-?:atalyst BiVO4 by impregnation- buffer (pH 9.5) 04 VREE 0.45 VpRHE
calcination process ' '
Fe,Ni1,OOH: pH-modulated IPCE ~29 % @ 420 nm |IPCE ~90 % @ 420 nm
immersion method
Bulk + Interface |FTO/W:BiVO./Co-Pi W:BiVOg: spray pyrolysis 0.1 M potassium | Gradient doped 3.6 mAcm? 21
Doping with With concentration gradient ?hﬁs%hate buffer EZ%/IV\G B_'\ll(i“n\]'\':r;?#_g Onset potential ~
graded layers + co- of W P T 0.3 VrHE

Table 1: Some best photoanode reported in literature with the strategies employed (Surface funct. = surface functionalization)
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e The Bulk modification strategy corresponds to morphology engineering, defect

engineering and doping.

As the recombination of electrons and holes is strongly dependent on the structural and surface
properties of the photoanode composition, a high crystallinity, in general, has a positive effect
on the photocurrent. This is due to a decrease in crystalline defects and surface trap states.®
Looking at morphology engineering, the size, shape and facet orientation directly affect the
charge transfer dynamics. Using this strategy, S. Wang et al. showed a tenfold improvement of
the photocurrent density and reached a value of 2.5 mA cm? at 1.23 Vgrue (Figure 8.a) by
exposing the (040) facet of BiVO4.* They prepared BiVO; films on an FTO glass substrate
with the (040) side exposed to the electrolyte, using a seed-assisted hydrothermal method
coupled with electrochemical treatment in 1 M potassium borate electrolyte (pH 9.5). S.H. Han
et al. demonstrated the advantages of pristine BiVO4 with a preferred [001] growth orientation
compared to randomly oriented BiVO, particles.*® They achieved a photocurrent density of
3.9 mA cm compared to (J= 0.25 mA cm2) (Figure 8.b), as better charge transport properties
and surface reactivity is achieved with this orientation.

Introducing oxygen vacancies in BiVO4 has led to a significant increase in the photocurrent
compare to pristine BiVOa. To realize this, various methods have been reported for generating
oxygen vacancies. In their review, S. Wang et al. report the use of thermal treatment in
reduction/inert atmospheres, heteroatom doping, chemical reduction, electrochemical
reduction, photo-treatment in PEC cell, precursor/solution film treatment for creating oxygen
vacancies.®® Trzesniewski et al. modified the surface of BiVOas using a process called
photocharging.*® They immersed the BiVO. photoanode, prepared by spray pyrolysis, in a
potassium borate electrolyte (pH 10) while exposed to illumination. This results in a
photocurrent density of 4.3 mA cm with a low onset potential of 0.25 Vrwe (Figure 8.c).
Doping BiVO4 with Mo conduces to improvement in electronic conductivity and then limit the
electron/hole recombination. Yengantiwar et al. used the direct liquid injection chemical vapor
deposition (DLI-CVD) technique to produce well-adherent and dense films of BiVO4 and doped
Mo:BiVO4 to enhance OER.*® They achieved a photocurrent density of 2.4 mA cm compared
to 1.5 mA cm2 for pristine BiVOs in (Figure 8.d). Yin et al. achieved a highly efficient BiVOa
photoanode by incorporating an excess of Mo during the doping process.*” They deposited
subsequently sealed electrode with BiVO4 seeds in an autoclave containing the Bi and Mo

precursors or Bi and V precursors at various temperatures. This process significantly improves
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the electrode’s PEC performance by creating porosity, which increase electrode/electrolyte

interface. As a result, they obtained a photocurrent density of 3.18 mA cm™2 (Figure 8.¢).

c)

\
2a

- 100nm

Figure 8: a) Seed assisted hydrothermal BiVO. synthesis: Low-magnification, (b) high-
magnification, (c) cross-sectional FEG-SEM images, and (d) XRD pattern of BiVO.. Inset: illustration
of the crystal contacted with FTO substrates for BiVO, * b) Laser ablation (LA) growth of BiVO,
and crystallographic orientation analysis of the pristine-BiVO, (p-BVO) photoanode. (a) Film
morphologies and (b) inverse pole figure (grain orientation) mapping images for p-BVO (thickness of
800 nm, 30-min deposition) and conventional sol-gel-derived BiVO, (r-BVO, thickness E 800 nm,
12 coating cycles) * ¢) photocharging of BiVO. synthesized by spray pyrolysis: XPS spectra of
BiVO. photoanodes before and after photocharging in 0.1 M potassium borate buffer, pH 10, under
AM1.5G simulated illumination and SEM imaging after photocharging pH 10 ¢ d) Mo-doped BiVO,
synthesis by DLI-CVD: FE-SEM image of (a, b) Pristine BiVOs and (c, d) 8% Mo:BiVO,
nanocrystalline thin film. Inset shows cross-section SEM image of 30 min deposited 8% Mo:BiV O, film
3 ¢) Synthesis of VMo0-BiVO, by re-substitution process: SEM images of (a) BiVOys, (b) V-BiVOs,
(c) Mo-BiVO, and (d) V/Mo-BiVO;, films 4/
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e Interface modifications corresponds to the combination of BiVOs with another
material to generate interesting heterojunctions for PEC water-splitting such as p-n

junction or type Il junction.

The addition of another metal oxide semiconductor in contact with BiVO4 can create interesting
junctions that facilitate the charge transport and solar absorption. Indeed, to have high redox
capacity, a single semiconductor requires a higher energy which is directly linked to the band
gap value.®® However, semiconductors with wider band gaps are less sensitive to light in the
solar spectrum.®! The formation of heterojunctions between two or more semiconductors can
improve reaction kinetics and charge separation. The various type of heterojunctions involving
BiVO4 semiconductors are well described in the work of Zhong. et al.*%2 Based on the
alignment of band structure, heterojunctions are categories in three main categories: straddling
band gap (type 1), staggered band gap (type 11) and broken band gap (type I11) as represented in
Figure 9.2 Generally, the type Il heterojunction composed of n-n and p-n junctions is
considered the most effective configuration to efficiently separate the charge carrier and inhibit
electron/hole recombination.2®:®3 In contrast, type | heterojunctions with BiVOs does not
support the water reduction reaction at the cathode (semiconductor 1 in Figure 9 — type 1) due
to electron migration from semiconductor 1 to BiVOa. In type 11l heterojunctions, the charges

cannot be separated effectively.
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from ref %1

Recent studies have identified n-type semiconductor WOz as an intriguing candidate for
coupling with BiVOas. Its CB and VB edges are more positive than the corresponding band
edges of BiVOs, allowing the formation of a Type Il n-n heterojunction.**3% The group of
Q. Zheng et al. generated a WO3/BiVO4 photoanode and obtained a photocurrent density of
2.8 mA cm with an IPCE of ~ 45 % at 430 nm.*® Through additional modifications such as
doping and surface functionalization by depositing Co-Pi co-catalyst for hole collection at the
surface, they were able to reach a photocurrent of 5.38 mA cm (Figure 10.a). L. Na et al. has
improved 1.75 times the PEC efficiency of pristine BiVO4 synthesised by spin coating by

creating a heterojunction with another n-type semiconductor tantalum oxonitride
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TaON/BiVO..*° Their photoanode reached a photocurrent of 2.6 mA cm? compared with
pristine BiVO4 , which has a value of 1.5 mA cm™. In addition, the low onset potential is
0.2 VrHe. Further improvement at the surface with photoelectron deposition of Co-Pi co-
catalyst resulted in the obtention of 3.6 mA cm (Figure 10.b).%°

Interestingly, type Il p-n heterojunctions generate a built-in electric field that facilitates the
efficient separation of photogenerated electrons and holes leading to improved PEC efficiency.
This results in a fast flow of electrons and holes in opposite directions. The electrons being
transferred to the CB of the n-type semiconductor and holes to the VB of the p-type
semiconductor. K-H. Ye et al. designed a photoanode composed of BiOl and nanoporous
BiVOy4, BiOI/BiVO4 p-n junction.®® They increased the active surface area and the limited bulk
recombination by controlling the nanoparticles’ thickness and porosity (Figure 10.c). They
improved the photocurrent density and reached a photocurrent of 3.27 mA cm compared to
the one observed with pristine BiVO4 of 1.23 mA cm™2. Gao and co-workers fabricated a
heterostructure with the p-type AgVOs semiconductor and BiVO..>* They obtained a
photocurrent of 1.5 mA c¢cm™ which is 6 times higher than that of pure BiVOa. Further, they
increased their photocurrent density and reached a value of 1.93 mA cm™, reducing
significantly the onset potential of their pristine BiVO.s photoanode by Mo-doping
(Figure 10.d).>*
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Figure 10 a) WO3/BiVO, photoanode SEM images of the (a) WOs, (b) BiVOs, (c) WO3/BiVO,, and
(d) WOs/Mo-BiVO, photoanodes. The inserts are the corresponding cross-sectional SEM images. All
the scale bars are 1 um. *8. b) TaON/BiVO, photoanode, SEM images of different electrodes. (a)
BiVO,, (b) 1-TaON/ BiVOs, (c) 2-TaON/BiVOs,, (d) 3-TaON/BiVO.. *° ¢) BiOI/BiVO, p-n junction
photoanode, top-view SEM images of (a) BiVOs and (b) BiOI/BiVOs > d) AgVOs/Mo:BiVO,
photoanode, SEM images of (a) BiVOs, (b) 5% Mo-BiVOs., (¢) AgVO3/5% Mo-BiVO,, and (d) cross-
sectional SEM of 5% Mo-BiVO,>!

Recent discoveries showed that residual electrostatic interactions in the bulk of the
semiconductor hinder the efficient transfer of photogenerated electrons and holes to other
catalysts, limiting the full potential of the electrode. To address these limitations, some

researches explore new heterojunction designs with Z-Scheme heterojunction.26
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e Surface functionalization consists in adding at the electrode/electrolyte interface, a co-

catalyst or a passivating layer.

The role of co-catalysts is to collect the holes accumulated at the surface, enhancing the OER
kinetics. An overall improvement of the PEC water oxidation process is then observed. Rapid
holes collection also helps to minimize photocorrosion reactions and ensures better stability
over time. Additionally, by accelerating the OER Kinetics, co-catalysts contribute to reducing
the onset potential (causing a cathodic shift). Typically, carbon-based and earth-abundant
elements such as Fe, Ni, and Co-based co-catalysts have been studied, including iron
oxide/hydroxide, nickel oxide/hydroxide or cobalt phosphate/borate.?’*® Recently, a metal
carbide TisC,Tx flakes has been used as co-catalyst by D. Yan et al. in BiVO4/ TisC,Tx
photoanode with BiVOs film re-annealed after synthesis in argon (Figure 11.a). ° TisCoTx
flakes enhanced the charge transfer of photogenerated carriers resulting in higher photocurrent
density with a value of 3.45 mA cm™ compared to 2.1 mA cm-2for BiVO,4 photoanode. An
improvement of the onset potential of ~ 0.4 Vrye is also observed. Y. Liu et al. have used a
cobalt salophen complex and have observed an increase of photocurrent by a factor 2.9 reaching
a value of 4.27 mA cm compared to 1.48 mA cmfor pristine BiVO..>® A cathodic shift of
their onset potential is also observed.® Interestingly, B. Zhang et al. have designed a BiVOa/p-
FeOOH photoanode.>* They functionalized the BiVO4 electrode surface with an ultrathin iron
hydroxide layer, containing oxygen vacancies which promotes holes transport and separation.
Doing this, an increase of the number of surface-active sites is observed (Figure 11.b) and they
obtained a remarkable photocurrent of 4.3 mA cm; this value is 4 times higher than the one

observed for pristine, BiVOa.
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Figure 11: a) BiVO4/Ti;C,Tx photoanode: SEM images of a) a’) TisC,Tx b) b’) BiVOs s and c)c’)
BiVO4/TisC,Tx %2 b) BiVO./B-FeOOH photoanode: SEM images of A) BiVO, and B) BiVO./p-
FeOOH, C),D) High-Resolution TEM images of BiVVO./B-FeOOH photoanode ** ¢) BiVOJ/TiO:/ Ni
photoanode: SEM images of a) BiVO. surface, b) BiVOs cross-section ¢) High-Resolution cross-

section TEM images of TiO2/Ni dual-layer on FTO ¢

One particular aspect to consider when a co-catalyst is deposited at the surface of an electrode
is the possible undesired “shunting effect”. It has been reported that depending on the
underlayer film microstructure, a catalyst in contact with both photoactive material and FTO
substrate is likely to directly contribute to recombination phenomena at the contact between the

catalyst and FTO, as it is represented in the scheme Figure 12,6566
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Some groups have focused their efforts on developing passivation layers. While these layers
may have negligible contributions to OER, they serve to protect and significantly enhance the
durability of the photoanode in both the electrolyte and under light. Controlling the thickness
of the passivation layer is essential to limit the reduction in photocurrent density. In a recent
study, X. Wan et al. used plasma enhanced ALD to generate an ultrathin Al2O3 layer ~ 1 nm
(10 ALD cycles) combined with a chemical treatment for passivation and to minimize the
decrease in photocurrent density.> M.T. McDowell et al. propose to couple an ultrathin TiO;
passivation layer with Ni on BiVO4 photoanode to compensate the decrease in photocurrent
(figure 11.¢).%° To obtain NiOOH co-catalyst, they disperse Ni particles onto the ultrathin TiO>
layer. In contact with the electrolyte solution, the Ni particle transforms into NiOOH. A stable
photocurrent of ~ 1.3 mA cm is achieved during 4 hours. This is very interesting compared to

bare BiVO4 where its photocurrent density decreases after few minutes.
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Figure 12: Scheme of recombination via shunting adapted from ref 6%,

Finally, to significantly improve the photocurrent density and the durability of the photoanode,
a combination of multiple strategies is often the most effective approach. As described in the
section “Combined Strategies” of the Table 1, it has been possible to reach high photocurrent
density above 4 mA cm. In these cases, the synthesis process plays a crucial role on the BiVO4
structure and morphology. For instance, one of the most widespread synthesis methods is the
production of a nanoporous BiVO4 photoanode developed by T. W. Kim and K-S. Choi. 4’ BiOl
is electrodeposited onto the FTO substrate, then impregnated with a V precursor and calcined
to convert it into BiVOs. To achieve a good surface coverage of the electrode, the synthesis of
BiVO4 from precursors dissolved in solvents coupled with spin-coating deposition technique is

often used.
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c. Electrolyte impact

Another noticeable parameter that influence the photoanode performance, but is often not
explicitly addressed in the majority of reviews on the subject, is the electrolyte buffer and its
pH. BiVOs-based photoanodes exhibit better efficiency and long-term stability for the OER in
alkaline electrolyte solutions. In alkaline conditions, the reaction equations change to:

40H" +4h*=2H,0+ 0,

4H,04+4e" =40H +2H,
In an alkaline solution, the kinetics of the OER are much faster, resulting in a rapid formation
of hydroxide ions in the electrolyte. These hydroxide ions can then effectively act as hole
scavengers, facilitating the movement of charge carriers and reducing recombination of
electron/hole pairs on the semiconductor surface. This leads to improved charge separation and
increased photocurrent density, which is essential for an efficient photoelectrochemical water-
splitting process.'®
Since the OER reaction kinetics are faster in the presence of hydroxides, long-term stability is
less of a concern.
However, in neutral and acidic conditions, the competitive reactions against OER are more
significant than in alkaline environments, due to the weaker OER kinetics. It has been seen an
increase of photocorrosion when the surface of the photoanode is directly illuminated due to
the accumulation of holes generated at the electrode/electrolyte interface. They recombined
easily with new photogenerated electrons and react with the electrolyte to generate very reactive
species, notably radicals that contribute to the degradation of the photoanode itself and the
decrease of photocurrent value over time. Favaro et al. have observed light induced surface
reactions at the BiVOai/potassium phosphate buffer (opH 7) interface.®” They found that, as a
result of photocorrosion, a passivation layer is formed by the precipitation of BiPO4and is then
dissolved in the dark.
In the majority of reported reviews on PEC water-splitting, the photocurrent obtained in various
studies are compared without considering the influence of electrolyte pH on the OER Kkinetics
and without explicitly mentioning the presence of sodium sulphite in the electrolyte. Indeed,
Na>SOs plays the role of a sacrificial hole scavenger. In the presence of Na,SOs, the redox
reaction does not imply the water-splitting reaction but the evolution of sulphites into sulphates
which requires 2 times fewer holes to react compared to OER, as detailed in the following

equation:
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H,0 + S0%~ +2h* = SO~ + 2H*
2H* 4+ 2e” =H,

S. Zhang et al. investigated the dissolution behaviour in near-pH-neutral electrolytes with
borate (pH 9), phosphate (pH 7) and citrate (used as hole scavenger).® In borate solutions, they
observed a simultaneous dissolution of Bi and V, whereas in phosphate solutions, Bi and V
dissolved at different potential range and rates. Bi dissolution is slowed down at more anodic
potentials whereas V dissolution kept increasing with the formation of a Bi-rich surface layer
constituted of BiPO4. These results offer a new vision on the electrolyte buffer choice as the
durability of the photoanode is linked to a balance between the intrinsic dissolution rate of Bi
and V and the fast consumption of holes for OER. This last few years, a large variety of BiVOs-
based photoanode have been proposed and tested in neutral condition. Though, only few papers
have designed photoanodes for PEC water-splitting in acidic conditions. Therefore, an
improvement in the reaction kinetics in an acidic medium becomes essential. Additionally, as
previously mentioned, some of the best photocathodes found in the literature exhibit high
efficiency in acidic conditions. To enable the combination of this work with efficient
photoanodes, it is necessary to adapt BiVOs-based photoanodes for use in acidic conditions,
where the OER is less favourable. In such conditions, the stability of the photoanode and the
OER reaction kinetics become critical parameters.
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5. Opportunity for BiVO4 photoelectrodes and challenges

This thesis addresses issues related to the design of efficient BiVOs-based photoanodes for PEC
water-oxidation in acidic conditions (pH 6) since OER Kkinetics are not ease at this pH.
Additionally, the separation and consumption of photocharges for electrochemical reactions
significantly impact the photoanode's durability. Limiting photocorrosion phenomena is an
even more competitive challenge than improving OER. Surprisingly, no studies have looked at
the limiting parameters and long-term durability under these specific conditions. In addition,
the synthesis methods have to be designed to be easily scalable and reproducible. These
challenges were addressed by exploring two approaches: a one-step process using Sol-Gel
chemistry coupled with the dip-coating technique and a two-step process involving first the
generation of nanoparticles followed by their deposition onto an FTO substrate by dip-coating.
The dip-coating deposition technique is well-developed in the laboratory and offers several
advantages. It is versatile and can be used for a wide range of materials, including metallic-
oxide coatings from sol-gel solutions, as well as biomolecules, polymers, metallic
nanoparticles, ceramics, colloids and hybrids as metal-organic frameworks.®®" The dip-
coating process involves immersing a substrate into the solution or dispersion, and then either
draining the solution away or withdrawing the substrate, depending on the instrument used.
During this process, the solvent evaporates, resulting in the formation of a homogeneous film.
It can also be used to create more complex materials with thickness gradients.%7%72 The main
parameter that affects the thickness of the deposited film is the withdrawal rate. However, other
parameters, such as the temperature of the solution, the atmosphere, density, viscosity, and
particle concentration for colloids, can also be controlled.” Depending on the application and
solution-based precursor, several coating repetitions can be performed.” In contrast, other

deposition methods can be used and may have certain drawbacks as listed below.

e Spin-coating generates homogeneous films but is inefficient for 2D film production
due to excessive precursor wastage, and it's an out-of-equilibrium technique.” Viscosity
and particle concentration control sintering properties.’® Rotational speed must match
nanoparticle size in colloidal suspension.”” If particles are too large, they may be ejected
due to centripetal force.” In dip-coating, additives can enhance colloidal suspension

stability but may alter nanoparticle sintering properties.”®"°
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e Drop-casting is less controllable and is primarily used for depositing colloidal
nanoparticles or when the "coffee-ring effect” and thickness variation are significant.
It's not scalable like dip-coating and less reproducible 88!

e Blade coating using a doctor blade, is an advanced “drop-cast” method for depositing
colloidal nanoparticles with less waste and can coat large-scale substrates uniformly.’#82
Blade speed is crucial, but thinner drops may lead to less uniform thickness compared
to dip-coating, and the film quality relies on the blade gap and shape.8384

e Spray coating deposits fine aerosol on a substrate, followed by drying and potential

repetition. Constraints include isolated droplets, uneven surfaces, and pinholes.’

In the Chapter 2, we addressed the enhancement of PEC water oxidation in acidic media and
its durability using a one-step approach for the synthesis of BiVO4 electrode. We implemented
a modified synthesis protocol previously developed by S. Hilliard et al. which demonstrated
high reproducibility and yielded films with an average thickness of ~110 nm.3® These films
were produced using a sol-gel process coupled with the dip-coating technique, resulting in
dense BiVO4 and Mo-doped BiVOs films. Two strategies were employed to enhance charge
transport, separation, and OER kinetics. First, the bulk was modified with Mo-doping in BiVOs,
and second, the surface was functionalized with Co-Pi as a co-catalyst. In-depth electrochemical
analysis, along with the use of a hole-accepting agent as an electrolyte, provided a better
understanding of the limiting phenomena of the photoanode. Mo-doping was found to be
favourable for increasing charge transport under direct illumination conditions. However, low
OER Kkinetics led to the accumulation of positive charges, contributing to charge recombination
and photocorrosion phenomena.

The electrochemical response of Mo:BiVO4/Co-Pi, featuring Co-Pi as a co-catalyst, was
examined from the initial generation of electron-hole pairs. This investigation revealed changes
in surface chemistry linked to Co (Il) oxidation in presence of phosphates and its partial
recovery. This modification greatly improved chemical stability, as demonstrated by the
retention of photoanode thickness after 5 hours of continuous electrochemical analysis via
chronoamperometry.

The durability of the photoanode was addressed by applying a passivation layer consisting of a
thin TiO> layer deposited onto the surface of BiVO4 or Mo:BiVVO4 photoanodes. The impact of
TiO: thickness and crystallinity on its ability to protect the underlying BiVO4 layer was
evaluated for two types of synthesized films. While ALD is the reference deposition method
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for ultrathin passivation layers, we also developed a modified Sol-Gel chemistry coupled with
dip-coating protocol based on J. Sum et al. for generating ultrathin TiO films.%> Among these
approaches, ultrathin TiO deposited via dip-coating demonstrated the most promising results
for passivation, minimizing the decrease in PEC water-oxidation efficiency when compared to
ALD-deposited TiO> films.

In the Chapter 3, the development of structure and size-controlled nanoparticles through
hydrothermal syntheses enabled the creation of a Mo:BiVO4/V20s heterostructured
photoanode. This approach combines two strategies: bulk modification achieved by
incorporating Mo®* into the structure and interface modification by establishing a type 1l n-n
heterojunction between BiVO4 and V.Os. The fabrication of this heterostructured photoanode
was accomplished in a single deposition step. Following the synthesis of Mo:BiVOa, a V205
gel was utilized as a "solvent" to disperse the Mo:BiVO4 nanoparticles, forming a film through
dip-coating on an FTO substrate inspired of “brick and mortar” approach. The unique 2D
structure of V20s plays a crucial role as a binder between the Mo:BiVOs nanoparticles,
significantly improving particle-to-particle contact. This study marks the first exploration in
acidic conditions of the BiVO4/V20s-based photoanode’s OER performance under standardized
illumination conditions, without the addition of a hole scavenger in the electrolyte, such as
Na>S0s, making it directly comparable to other heterojunctions.
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Conception of a heterostructured Mo doped-BiVQ4/Co-Pi
photoanode for solar-driven water oxidation in acidic

conditions

ABSTRACT

In the quest for efficient photoelectrolysis devices for solar-driven water splitting, designing a
high-performing photoanode that operates compatibly with the electrolyte buffer of the
photocathode remains a challenge. One promising solution is the development of an efficient
and durable photoanode in acidic conditions. Despite the potential benefits, the limiting factors
affecting performance under such conditions have not been well understood. In this study, we
present a scalable Mo doped-BiVO4/Co-Pi photoanode incorporating cobalt-phosphate (Co-Pi)
as co-catalyst. Our research led to a great breakthrough by achieving a 2.4 mA cm?
photocurrent density at 1.23Vrne (pH 6) in standardized illumination conditions as well as a
significant improvement of the photoanode’s durability (over 5 hours). Furthermore, our
investigation explores the evolution of the photoanode chemistry within the material after
doping, and at the surface after Co-Pi deposition at various stage of the PEC process. This
analysis highlighted the recovery of Co-Pi in cyclic voltammetry.

1. Introduction

Photoelectrochemical (PEC) water-splitting is a highly promising approach for producing
dihydrogen through oxidation-reduction reactions, eliminating the overpotential in
conventional electrolysis.! The design of tandem cells constituted of a photocathode and a
photoanode is a solution for dihydrogen production without external bias input.> Nevertheless,
the bottleneck resides in the photoanode material where oxidation of water (OER) requires a
double amount of photocharges compared to hydrogen reduction (HER) for one O2 molecule
production.* Among the number of semiconductors having favourable valence band edge for
OER , bismuth vanadate is the most promising due to its low bang gap around 2.4 eV, and a
conduction band edge (0.02 Vrre) the closest above HER potential (0.0 Vgue). 24610
Theoretically with a 2.4 eV band gap, 11 % of the standard AM 1.5 G solar spectrum can be
absorbed, which corresponds to 9.2 % of solar-to-hydrogen (STH) conversion efficiency with

a maximum photocurrent of 7.5 mA ¢cm2,1112
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However, the main constraints for achieving high STH conversion with BiVOs-based
photoanodes are related to: poor electron-hole charge transport, slow water oxidation kinetics,
in addition to stability issues in the electrolyte buffer.61:13 To overcome these limitations many
efforts have been made to optimize the photoanode, resulting in the classification of three main
strategies: surface engineering, bulk modification, and interface engineering.>%!4-8 Efficient
copper-based photocathodes are employed in acidic pH conditions. On the opposite, BiVO4
photoanode stability in acidic conditions is a significant challenge when developing PEC
devices in this pH range.*!° In acidic conditions the kinetics of OER are slower compared to
neutral and alkaline electrolyte where the amount of hydroxides ions is higher.?’ As indicated
in table S1, there is limited research conducted in acidic media, leading to a lack of visibility
into the predominant factors affecting the overall photoanode efficiency. S. Hilliard et al. have
demonstrated that sol-gel chemistry coupled with dip-coating was an interesting and easily
scalable method for generating BiVOa4 photoanodes with well sintered particles.? They
achieved a photocurrent density of 2.1 mA.cm2at 1.23 Vrre in 1M potassium phosphate buffer
(pH 7) under 350 mW.cm Their photoanode consisted of a 10-layer BiVOs film deposited on
FTO with a thickness of approximately 75 nm.?! To reach this photocurrent density, the power

of the simulated light was 3.5 times higher than standardise conditions.

In this study, we addressed two questions: whether there is a limitation associated with low
thickness in the photocurrent value under standardized conditions and how to improve BiVOa
photoanode efficiency for OER in acidic conditions. To do so, we evaluated the PEC
performances of a Mo:BiVO4/Co-Pi photoanode achieved through bulk modification by doping
and surface functionalization with cobalt-phosphate (Co-Pi) co-catalyst.
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2. Materials and methods

a. Synthesis of the BiVO4-based photoanode

BiVOs and Mo:BiVOs films: To synthesize multilayer BiVOs and doped Mo:BiVOs
photoanodes, sol-gel chemistry has been coupled with the dip-coating deposition technique as
represented in Figure S2. The syntheses are based on a previous work developed by
S. Hilliard.?t. For the undoped BiVO4 precursor solution, 1.08 mmol of bismuth (I11) nitrate
pentahydrate (ACS reagent > 98.0 %) and 1.08 mmol of vanadium (IV) oxide acetylacetonate
(ACS reagent > 95.0 %) are dissolved in a mixture of 130.8 mmol acetylacetone (ACS reagent
>99.0 %) and 28.1 mmol acetic acid- For the doped Mo: BiVOs precursor solution, 1 %mol of
the vanadium precursor is replaced by molybdenum (V1) dioxide bis(acetylacetone) (ACS
reagent > 95.0 %) given 1.069 mmol of vanadium precursor and 0.0108 mmol of Mo®*
precursor. They are first put in an ultrasonic bath for 10 minutes at 35 °C before being
magnetically stirred overnight. For the deposition, a commercial glass of F-doped SnO- (FTO)
80 nm/ Glass substrate from (SOLEMS: YSUB/ASAHI120/1) with effective resistivity
measured between 200 — 250 Q is used as an electrode substrate. The films are produced by dip
coating (Ossila Dip-Coater) and controlling the relative humidity (RH) (< 5% ). Firstly, an
ultrathin layer is obtained at a deposition rate of 1 mm s to help anchor the subsequent layers.
After each deposited layer, the non-conductive side of the substrate is wiped with ethanol and
acetone and the electrode is annealed at 400 °C for 1 — 2 minutes. 6 layers of the precursor
solution are deposited at 8 mm s resulting in an average of 18 nm/layer. Finally, the films are
crystallized by a calcination step at 450°C for 1 h in air.

Cobalt-phosphate (Co-Pi) co-catalyst layer: Co-Pi is electrodeposited at the surface of the
Mo:BiVOs4 photoanode by using an electrolyte containing Co precursors. A solution Sa of a
0.1 M phosphate buffer electrolyte is made from potassium phosphate monobasic, KH2PO4
(ACS reagent > 99.0 %) and potassium hydroxide, KOH (ACS reagent > 90.0 %). A Solution
Sg is prepared by dissolving 29.5 mmol of Cobalt (Il) nitrate hexahydrate, Co(NO3)2.6H.0
(ACS reagent > 98.0 %) in 35 mL of Milli-Q water. Sg is then poured into Sa. Electrodeposition
is carried out at 1.713 Vrne constant voltage for deposition times ranging from 1 min to 10 min,
without stirring in a 3-electrode cell. The photoanode is the working electrode, an enrolled

platinum wire is the counter electrode and the reference is an Ag/AgClI. KCl saturated electrode.
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b. Characterization

X-Ray diffraction (XRD): X-ray diffractograms were acquired in Bragg—Brentano geometry
using a Bruker Discover D8 apparatus, equipped with a Cu anode (1.54 A) and a LynxEye
XE-T detector, over a 26 range from 5° to 70° with a step size of 0.02°.

UV-Visible spectroscopy: UV/visible light absorption measurements were performed with an
Agilent Technologies Cary Series 5000 UV/visible/near-infrared spectrometer using a double
beam with a background of FTO defined.

Fluorescence: X-ray fluorescence measurements are performed on an Epsilon 3XL energy
dispersive spectrometer (@Malvern-Panalytical). Bismuth (La) and Molybdenum (Ka) are
measured with a voltage of 50 kV, an intensity of 6 pA for 300 s, for vanadium (Ka) during
60 s, avoltage of 12 kV and an intensity of 25 pA is applied. For all three elements, a calibration
is established using standard solutions of 1g.L? deposited for different volumes on
polycarbonate membranes. The powdered samples are then prepared in exactly the same way.
For samples on substrates, a prolene membrane (highly transparent to X-rays) is used to deposit
the sample. When the sample is thin, there are no matrix effects and the signal intensity is
directly proportional to the mass of the element present in the analysed area (0.5 cm?).

FEG-SEM EDX imaging: Field emission gun-scanning electron microscopy (FEG-SEM) and
energy-dispersive X-ray spectroscopy (EDX) were carried out using a Hitachi SU-70 equipped
with Oxford X-Max beam with 50 mm? X-Max silicon drift EDS detector with a 50 mm?
tungsten filament operated at 10 — 15 kV. High-resolution transmission electron microscopy
(HR-TEM) was done using a JEOL JEM-2010.

Photoelectrochemical performances: The PEC performance of BiVOs photoanodes was
checked performed with an AMETEK Solartron Analytical Modulab potentiostat coupled with
a Newport Xenon lamp in a pH 6 potassium phosphate buffer conducting linear sweep
voltammetry (LSV) under AM 1.5 G illumination (100 mW/cm?) under both front side (through
the film/electrolyte interface) and back side (through the FTP back-contact). The LSV were
measured from -0.2 V to 0.74 V vs. Ag/AgCl. KClI sat. reference electrode (E°agiagci = 0.197 V
vs. NHE) using a scan rate of 10 mV s*. All current density curves were referenced to the

reversible hydrogen electrode (RHE), using the Nernstian relation of:

Veug = Evs. Ag/AgCl + 0.197 + 0.059 X pH
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The photocurrent was stable for at least 5 scans and reproducible. The 3™ scans acquired with
illumination for all investigated electrodes are collected. Chronoamperometry measurement
under alternative irradiation was performed using the potentiostatic mode at a fixed potential
of 1.23 VrHe. The geometric active area of the BiVO4, working electrode, was defined by Hi-
Bond polyamide scotch tape (HB830-19) and measured 0.28 cm?. Electrical contacts were made
by conductive copper scotch (3M Scotch 1245) which was adhered directly to the FTO exposed
portion of the photoelectrode. The electrolyte used during electrochemical and
photoelectrochemical tests was a 1M potassium phosphate buffer of pH 6.07 and a 1M
potassium phosphate buffer enriched with 1M NaSOsz pH 6.77.

XPS Fitting Procedure: XPS analyses were performed using an Omicron Argus X-ray
photoelectron spectrometer, equipped with a monochromated Al Ka radiation source (hv =
1486.6 eV) and a 280 W electron beam power. The emission of photoelectrons from the sample
was analyzed at a take-off angle of 45° under ultra-high vacuum conditions (<10—9 mBar).
Spectra were carried out with 100 eV pass energy for the survey scan and 20 eV pass energy
for the C 1s, O 1s, N 1s, Bi 4f, V 2p, Mo 3d, P 2p and Co 2p regions. Binding energies were
calibrated against the C 1s (C-C) binding energy at 284.8 eV and element peak intensities were
corrected by Scofield factors. The peak areas were determined after subtraction of a (LINEAR
—SHIRLEY —U 2 TOUGAARD) background. The spectra were fitted using Casa XPS v.2.3.15
software (Casa Software Ltd, U.K.) and applying a Gaussian/Lorentzian ratio g/l equal to 70/30.

Ellipsometry were performed on a J;A Woollam Ellipsometer to determine de thickness and the
band-gap (Eg) of each sample. The method is described in supporting information.

Electrochemically active surface area: The comparison of the double layer capacitance (CpL)
of the samples brings information on the electrochemically active surface area (EASA). CpL

was determined following the methodology described in the supporting information.

ICP-AES: Inductive coupled plasma-atomic emission spectrometry was conducted on a
Spectrogreen spectrometer. The samples are diluted by a factor of 10 in a solution HNO3z 1%
prepared with ultrapure milliQ water and pure HNOs 68 %. For each wavelength, three

measurements were done.
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3. Results and Discussion

a. Characterisation of BiVOs-based photoanode

To investigate the effect of a thickness improvement, the synthesis developed by Hillard et al.
was reproduced.?! The BiVO4 photoanode obtained is crystallized in the scheelite structure with
both polymorphs tetragonal scheelite and monoclinic scheelite, exhibits well sintered particles.
The film has a thickness of 60 nm (Figure S3 a, b, ¢). Here, Eg is calculated by applying a Tauc-
plot on UV-Visible absorbance spectra and is about 2.63 eV (Figure S3.d).

The modification to increase the electrode thickness highlighted several parameters affecting
the quality of the photoanode. A high withdrawal speed during dip-coating resulted in thicker,
more surface-sensitive layers. Strict control of atmosphere and cleanliness during the primary

layers depositions impacts sintering, germ growth and porosity (Figure S4).

I. Pristine BiVO4 photoanode

Figure 1 depicts the characterization of BiVOs calcined at 450°C for 1 hour. In figure 1.3, the
XRD pattern of pristine BiVO4 electrode reveals the presence of a shoulder on the peaks at 35°
and 46° in 26/°. The characteristic doublets (200), (020) and (204), (024) at these degrees
correspond respectively to the monoclinic scheelite (m-s) structure and are not completely
isolated from the single peak of the tetragonal scheelite structure (t-s).2 This means that the
contribution of the two scheelite polymorphs coexists, as demonstrated by Pamar et al.?2 FEG-
SEM imaging exhibits a dense film with well sintered nanoparticles of size ranging from 30 to
430 nm with a majority of particles between 50 and 150 nm (Figure 1.b, d). In figure 1.c, cross-
section image provides a thickness of 110 nm in agreement with the one determined by
ellipsometry analysis. (Table S6) The Eg of the semiconductor is evaluated to be 2.65 eV.

(Figure 1.e, method, Figure S5).
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Figure 1: pristine BiVO, characterisation: a) XRD pattern of pristine BiVO4 (black curve), grey
curve annealed FTO substrate (grey curve), PDF-04-010-5710 BiVO, tetragonal scheelite (blue
straight-line ) and PDF-04-010-5713 BiVO4 monoclinic scheelite (black straight-line); b)FEG-
SEM surface imaging; c¢) FEG-SEM cross-section imaging €) Bang-gap determination by
ellipsometry
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Ii. Mo:BiVO4photoanode

Mo:BiVOs4 photoanode exhibits a similar diffractogram to pristine BiVOas. In figure 2.3, the
crystalline structure comprises the two scheelite polymorphs. The morphology of the film
closely resembles that of pure BiVOs with a thickness of 110 nm as determined by SEM-FEG
analyses. The film is dense with low porosity and excellent sintering. To quantify the percentage
of Mo®* effectively incorporate into the BiVO4 photoanode, X-Ray fluorescence was conducted
with detection limits (LOD) and quantifications Limits (LOQ) of 0.013 pg and 0.44 pg for Bi,
and 0.008 pg, and 0.026 pug for both atoms Mo and V. The Mo:BiVO4 photoanode is doped at
0.56 mol% giving the chemical formula BiVo.994M00.00604 (Table S7). The photoanode’s Eg
calculated is 2.63 eV, which is very close to that of pristine BiVOs (Figure 2.e). The details are
referred in table S5.
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Figure 2: Mo:BiVO4 characterisation: a) XRD pattern of pristine BiVO,(black curve), grey curve
annealed FTO substrate (grey curve), PDF-04-010-5710 BiVO, tetragonal scheelite (blue straight-
line ) and PDF-04-010-5713 BiVO4 monoclinic scheelite (black straight-line); b)FEG-SEM surface
imaging; ¢) FEG-SEM cross-section imaging €) Bang-gap determination by ellipsometry

The chemical state of the Bi, VV, Mo and O atoms are investigated by XPS. The fitted spectra
are presented in Figure 7 and the indexed acquisition of the first survey spectra is detailed in
Figure S8. Pristine BiVO4 and Mo:BiVOs exhibit the characteristic spin-orbit splitting for Bi
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and V atoms with Bi 4fs;z, Bi 4f72and V 2p1s2, V 2par2 signals. XPS spectrum of Mo confirms
the presence of Mo 3d in the doped sample. The O 1s, corresponding to the binding energy for
the lattice oxide, is detected at 529.82 eV for BiVO4 and 529.43 eV for Mo:BiVOs. The
presence of V(V) oxide is also observed at 530.59 eV and 530.41 eV for BiVO4 and Mo:BiVO4

respectively. This corresponds to the oxidation state of V in VO4*".

Bi ! 4f 72 . 4f 512
T I T T ‘ T T I T T T I T T I T T | T T | T T
156 159 162 165 168 516 519 522 525 528
Binding Energy (eV) Binding Energy (eV)
Mo O1s .
Latt. Ox. SIO,
V (V) Ox.
T T T I T T ‘ T T I T T T T I-. T I T T T | T T I T T T I L ‘ T
224 228 232 236 240 526 528 530 532 534 536
Binding Energy (eV) Binding Energy (eV)

Figure 3: Room-temperature XPS spectra of air-exposed samples. Colour code: black spectra

corresponding to pristine BiVO4 and red spectra corresponding to Mo:BiVO,,

The values of the binding energy for Bi 4f and V 2p are summarized in Table 1, with the delta
value. The fitted curves for C 1s and Si 2p are shown in the Figure S9 and their binding energy
values are grouped in Table S10. If we consider the difference in delta energy Bi 4f 72 and Bi
4f 512, no significant difference was observed for doped and undoped samples. However, the
small decrease in the delta V 2p could correspond to the replacement of V atoms by Mo.
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Table 1: Binding energy in eV of Bi 4f 7, Bi 4f 52, V 2p 32, and V 2p 112 in the electrodes of BiVO,
and MOZBiVO4; A (Bi 4f) = E(Bi 4f 5/2) —-E (Bi 4f 7/2), A (V 2p) = E(V 2p 1/2) -E (V 2p 3/2) .

Samples Bi 4f 712 Bidfse, | ABidf) | V2par V2piw2 | A(V2p)
BiVO4 158.80 164.11 5.30 516.35 523.83 7.48
Mo:BiVOs 159.14 164.44 5.30 516.70 524.10 7.40

b. PEC Performances Evaluation of pristine BiVOs

The PEC performances are evaluated in a 1M potassium phosphate buffer (pH 6) with direct
illumination of 1200 mW cm of the photoanode surface. Figure S11 illustrates a scheme of the
PEC set up. For the synthesis of BiVO4 (60 nm), the linear sweep voltammetry showed an onset
potential at 0.7 Vrue With light and a photocurrent density of 0.7 mA cm? at 1.23 Vrue
(Figure S12.a). Subsequently, chronoamperometric measurements were conducted at a fixed
potential of 1.23 Vrue With chopped on-off illumination intervals of 90 seconds in the same
electrolyte buffer.(Figure S12.b). These measurements revealed a fast decrease of the

photocurrent plateau from ~ 0.15 mA cm to 0.025 mA cm after 2 h.

I. Pristine BiVO4 photoanode efficiency

The PEC measurements of BiVOs (110 nm) are realised in the same conditions as for BiVO4
(60 nm) with the additional inclusion of PEC analysis with back illumination. Figure 4
summarizes all the data. The photoanode analysis reveals a maximum photocurrent density of
1.2 mA cm?at 1.23 Vrue for front illumination with an onset potential of 0.6 Vrue, lower than
BiVO4 (60 nm) (Figure 4.a). The dependence of photocurrent density on the electrode’s side of
irradiation provides insight into electron or hole transport limitations within the material's bulk.
Generally, under back-side irradiation, high density of charge carriers is photogenerated close
to the FTO back-contact, allowing the electrons to be instantaneously injected into the external
circuit. This presents an advantage for materials suffering from poor electron transport, such as
BiVO4.% However, our sample reveals comparable values under both back and front side
irradiation (Figure 4.a). As the thickness of our electrode layer does not exceed ~ 100 nm, which
corresponds to the diffusion length of photocharges in BiVOs, this limitation becomes

negligible.? In addition, a thickness of 110 nm resulted in an increase in photocurrent density
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of 0.5 mA cm-2compared to the BiVO4 photoanode (60 nm). This suggests that below a certain

thickness, the PEC performance of the BiVO4 photoanode is limited.

The stability of the electrode was assessed through chronoamperometric measurements
conducted over a 5-hour period. In Figure 4.b, pure BiVO4 produced a photocurrent density of
~ 0.8 mA cm at 1.23 Vrye after 45 minutes of analysis and decreased to 0.3 mA cm after 2
hours. After 5 hours, the electrode exhibits a very low photocurrent of 0.03 mA cm™. The
presence of sharp charges recombination peaks indicates that improving the separation and
transport rate of electrons within the material could lead to higher photocurrent values.
Additionally, the gradual decrease in photocurrent value over time reveals competitive reactions
occurring in parallel with OER and contributing to the degradation of the photoanode itself.

Doping the photoanode will have an impact on both bulk properties and surface chemistry.
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Figure 4: Photoelectrochemical measurements in 1M potassium phosphate buffer (pH 6) under
simulated illumination at 100 mW c¢cma) Linear voltage sweeps measured at Mo:BiVO,thin films
with/without illumination in front-side (black curves) and in back-side (grey dots); b)

chronoamperometric measurement BiVVOq thin films at 1.23 Vrue with chopped on/off front-side
illumination of 90 s for 2 h.
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ii. Mo:BiVO4photoanode efficiency

Mo:BiVO4 photoanode was synthesized to modify the charge carrier dynamic and then limit
the electron-hole recombination. ??42% Figure 5.a. shows the current-voltage curves of
Mo:BiVOa. In front illumination, the photocurrent of the Mo:BiVOs at 1.23 VrHe increases by
a factor of 1.42 compared to pristine BiVOs, reaching a value of 1.7 mA cm. However, under
back illumination, the photocurrent of the Mo:BiVO4 photoanode at 1.23 VrHe decreased by a
factor of 2.66, accompanied by an anodic shift of the onset potential by 150 mV. The doped
photoanode shows a considerably higher photocurrent than pure BiVOs4 under front
illumination, indicating that Mo®" doping overcomes the “dead-layer” effects that affect pure
BiVOa4. This increase in photocurrent density is not attributed to changes in specific areas since
the electrochemically active surface area of BiVO4 and Mo:BiVO4 is comparable (Figure S13).
Instead, the better performance under front-side rather than back-side illumination provides
proofs of the electron transport enhancement produced by Mo®* incorporation in BiVOa. The
poor electron transport in the bulk of the material is no longer an obstacle to photocurrent
production. Nevertheless, because of the doping, the OER efficiency is reduced for back-
lighting. In this situation the flow of holes is limited. Chronoamperometric measurements
during 2 hours in Figure 5 showed a photocurrent density of ~ 1.2 mA cm at 1.23 Vree after
45 min which corresponds to the maximum photocurrent of pristine BiVOas. After 2 h, the
photocurrent density decreased to reach 0.6 mA c¢m Finally at the end of the 5-hour period, as
BiVO, photoanode, the current continues to decrease until it reaches 0.04 mA cm™,
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Figure 5: Photoelectrochemical measurements in 1M potassium phosphate buffer (pH 6) under
simulated illumination at 100 mW c¢cma) Linear voltage sweeps measured at Mo:BiVO,thin films
with/without illumination in front-side (red curves) and in back-side (pink dots); b)
chronoamperometric measurement on Mo:BiVO, thin films at 1.23 Vgne with chopped on/off
front-side illumination of 90 s for 2 h.

FEG-SEM post-mortem analysis after 5 hours of chronoamperometric measurements reveals a
significant electrode degradation for BiVO4 and Mo:BiVOs (Figure 6). The thickness of the
photoactive material is generally thinner in front irradiation than in back irradiation and the
presence of pores between (10-30) nm shows the degradation and corrosion of the photoanode.
(Figure S14). The degradation rate seems reduced with backlighting, which may comfort the
hypothesis that the rate of holes consumption accumulated at the interface between the

electrode/electrolyte plays a key role in the type of reaction that is happening at the interface.
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Figure 6: FEG-SEM post-mortem imaging of BiVO4 (110 nm) a) surface; b) cross-section and
Mo:BiVOs a) surface; b) cross-section.

c. Photocorrosion Study

To investigate electrode degradation, we studied its chemical stability in the electrolyte under
both dark and illuminated conditions, as illustrated in Figure 7. After immersing the electrode
in potassium phosphate electrolyte (pH 6) without exposure to light for 5 hours, the electrode’s
morphology remains unchanged (Figure 7.a, b) However, when subjected to simulated light at
100 mW cm (AM 1.5 G) for an additional 5 hours, we observed partial dissolution of the
electrode (Figure 7.c). This dissolution is attributed to photocorrosion phenomena 2728,

involving the preferential dissolution of V and the formation of BiPO4 under illumination.t32%%
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Figure 7: FEG-SEM imaging of Mo:BiVO. a) after synthesis without any external perturbation,
b) immersed in 1M potassium phosphate electrolyte (pH 6) in dark conditions during 5 h, c)
immersed in 1M potassium phosphate electrolyte (pH 6) in dark conditions during 5 h with
100 mW cm2of simulated light.

Post-mortem analysis and chronoamperometric curves of BiVO4 and Mo:BiVO4 photoanodes
suggest that the chemistry at the interface implying holes for OER is a critical parameter on the
photocurrent density and durability. Charge carrier recombination, indicated by the sharp peak

beginning each cycle of 90 s illumination, is a key factor in electrochemistry.

To assess the overall potential efficiency of the photoanode, additional 1 M sodium sulphite
(Na2S03) is introduced to the phosphate electrolyte as a sacrificial agent, slightly raising the pH
to 6.8 (Figure 8). In Figure 8.a, the optimized OER photocurrent of Mo:BiVO4 which reached
1.7 mA cm2 at 1.23 Vrue increased to 3.6 mA cm2 in presence of Na2SOs. Additionally, the
onset potential presented a cathodic shifts of ~ 0.4 mV upon the addition of the sacrificial agent.
These results highlight the direct impact of surface chemistry on the onset potential. The
significant increase of photocurrent density in presence of sulphites confirms that
recombination phenomena are a major limiting factor. Furthermore, the corresponding
chronoamperometry curve revealed better stability and fewer electron-hole recombination, as
demonstrated by the little variation of the steady-state current. The addition of SOs? ions allows
twice-lower electron-hole pair to be generated compared to the OER reaction. The stability
obtained for an easier reaction confirms that photogenerated holes drives the anodic corrosion
(Figure 8.b). Also, we hypothesized that the presence of Mo®* doping can influence the stability
of vanadium'’s oxidation state within the material or passivate the surface state. Doping BiVO4
with Mo®" alters the properties of the material's bulk by increasing the donor density, which

enhances electron conductivity and simultaneously moderates the accumulation of holes.
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Figure 8: Photoelectrochemical measurements in 1 M potassium phosphate buffer with 1 M

additional Na,SOs (pH 6.8) under front simulated illumination at 100 MW cm a) Linear voltage

sweeps measured at Mo:BiVO; thin films front irradiation; b) chronoamperometric measurement

on Mo:BiVO,thin films at 1.23 VrHe with chopped on/off illumination of 90 s for 2 h.

After 5 hours of chronoamperometric measurement, the photocurrent value remains the same.
(Figure S15). FEG-SEM post-mortem analysis showed that the particles are still well sintered
and dense. A tiny change in the surface is detectable, corresponding to the slight residual peak

in charge recombination observed in chronoamperometry (Figure S16).

Therefore, passivating layers including OER catalysts are indispensable to protect the BiVOs
and Mo:BiVOg surface from photocorrosion. This have already shown stable operation for 1100
and 500 h.303t
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d. Surface engineering with Co-Pi layer addition

To provide an efficient photoanode, a sacrificial agent cannot be a solution in time because the
sulphite’s concentration will decay. Otherwise, surface engineering can be a long-lasting
solution. To confirm this, the doping efforts were diverted towards surface co-catalyst addition
to reduce recombination centres, modify the surface chemistry and then limit then
photocorrosion. However, P.Plate et al. and Irani et al. have highlighted two opposing
contributions with this approach depending on the coverage of the co-catalyst at the surface of
the active material.®>3® They have shown that an increase of the photocurrent density is
generally linked to the band bending effect, which reduces surface recombination, as
demonstrated onto the MnOx co-catalyst.>®* However, as the co-catalyst is a hole collector, if
the active material is deposited onto the electron collector (FTO), a direct contact of the co-
catalyst layer with the FTO occurs due to the presence of pinholes from incomplete coverage.
Accordingly, electron-holes can recombine at the interface of the FTO / co-catalyst on these
defects. This will impact the photocurrent density. To identify if Mo:BiVOs thin films could
potentially create pinholes in contact of a co-catalyst layer, cyclic voltammetry measurements
of the oxidation and reduction of the couple Fe**/Fe?* from ferri/ferrocyanide is studied

according to the work of Irani et al. 3 (more details in supporting information S17).

The absence of oxidation and reduction peaks of Fe3*/Fe?* on Mo:BiVOy thin films put in
evidence the complete FTO coverage and absence of pinholes (Figure S16). In these conditions,
the contribution of a co-catalyst should only be beneficial for OER.

Co-Pi co-catalyst was deposited on Mo:BiVO4 photoanode by electrodeposition. Various times
of deposition were applied to determine the best conditions for enhancement of the photoanode
efficiency. The Figure 8 showed the surface of the photoanode after 5 min of electrodeposition.
Small particles are observed on the surface, where the co-catalyst is deposited but the film does

not cover homogeneously the photoanode surface. (Figure 8.b).
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Figure 8: FEG-SEM surface imaging of a) bare Mo:BiVO4thin film, b) Mo:BiVO,after 5 min Co-

Pi electrodeposition.

Looking at the photocurrent density obtained after the addition of the co-catalyst layer
(Figure 9.a), the best result is obtained for 5 minutes of deposition with a photocurrent density
of 1.9 mA cm? at 1.23 Vrue measured in linear sweep mode. In comparison with Mo:BiVO4
current-voltage curve, a cathodic shift of 0.1 mV is observed (Figure 9.b). As previously
mentioned, this describes a better surface reactivity of holes. In addition, a change in the shape
of the photocurrent density appeared with the co-catalyst, resulting in a small bump directly
after the onset potential. Concerning the chronoamperometry curve of Mo:BiVO4/Co-Pi
(Figure 9.c), the photocurrent is higher as attended and similar to that of Mo:BiVOs co-catalyst
photoelectrode for the first 2 hours. However, after 2 hours, the surface evolved in such a way
that approximately 0.6 mA cm of current is still being generated. However, most of this is lost
due to surface degradation if we consider the plateau current value of 0.1 mA c¢cm (Figure S18).
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Figure 9: Photoelectrochemical measurements in 1M potassium phosphate buffer (pH 6) under
front-side simulated illumination at 100 mW cm2 a) Linear voltage sweeps measured at
Mo:BiVO./Co-Pi thin films with/without illumination on sample with 60 s, 110 s, 5 min, 10 min
Co-Pi electrodeposition time; b) Linear voltage sweeps comparison of Mo:BiVO, (in red) and
Mo:BiVO./Co-Pi with 5 min electrodeposition time c) chronoamperometric measurement on
Mo:BiVO./Co-Pi with 5 min electrodeposition at 1.23 Vrne With chopped on/off illumination of
90 sfor 2 h.

FEG-SEM post-mortem analysis revealed porosity on the photoanode with pore size between
10 to 35 nm (Figure 10.a). But, cross-section imaging revealed a thickness that was maintained
throughout the PEC measurements (Figure 10.b). We believe that the improvement in
photoanode stability is linked to the collection of holes and the increase in the OER rate thanks
to the co-catalyst. This modification limits their accumulation on the surface of the electrode,
thus avoiding the presence of reactive species that contribute to photocorrosion on the electrode
surface. Thea porosity at the photoanode surface, could be linked to the inhomogeneous Co-Pi

coating, which affects the shape of the photocurrent after several hours.
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Figure 10: FEG-SEM Post-Mortem imaging of Mo:BiVO./Co-Pi photoanode of a) surface b)

cross-section

The change of shape in linear sweep voltammetry on the sample with Co-Pi co-catalyst suggests
that electrochemical reactions are produced in the bump potential range. To further understand
these evolution, cyclic voltammetry is used in complement of XPS. This combination of
analyses is selected to compare the surface chemistry before any PEC experiments and at

different time during the PEC experiment with cyclic voltammetry (CV).

In Figure 11.a, the CV-curves are measured in 1 M potassium phosphate buffer (pH 6) under
front illumination. The first cycle distinguished itself from the following ones. Indeed, the
oxidation bump at 0.56 mV was bigger and the maximum of photocurrent density was lower
during the first scan from 0.2 mV to 1.3 mV. From the 2" cycle, all the curves presented an
identical shape. Also, changing the mode of analysis by adding a scan in reduction, greatly
increases the photocurrent density at 1.23 Vrye to reach 2.4 mA cm™. It enhanced the PEC
efficiency by a factor of 1.34. These results confirm that a modification of the electrode occurs
during the reaction of the first electron-hole pairs photogenerated at the surface in presence Co-
Pi co-catalyst. In the work of M.W. Kanan et al, they studied the stability of Co-Pi catalyst and
determine “a self-repair cycle” using cyclic voltammetry.3* They proposed a mechanism in
which “Co (I1) " in Co-Pi in the presence of holes is oxidized to “Co (l11)” and then to “Co (I1V)"
from which O; is produced. Then, Co (1I) is formed.

In Figure 11.b and c, XPS analysis before any experiment and just after the first linear scanning
with illumination confirms the evolution of the surface layer of Mo:BiVO4 photoanode. After
electrodeposition, the presence of different oxidation states of Co in the Co-Pi layer is
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identified. The fit on the XPS spectra in figure 11b corresponds to Co 2p in Co304 showing the
presence of both Co(ll) and Co(lll). After the first linear voltage sweeps under illumination,
the Co binding energy peak seems to partially disappear and a new contribution is observed at
807 eV. On the other hand, the atoms of phosphorous, P 2p remains unchanged. These results
confirm the Co-Pi dynamic demonstrated by the group of M.W. Kanan, where Co (Il) is

oxidized and the phosphorous stayed in the form of HPO, during all the process.
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Figure 11: a) Cyclic voltammetry of BiVo.934M000604/Co-Pi in 1M potassium phosphate buffer
(pH 6) under 100 mW cm? illumination. XPS study of BiVog4M000sO4/Co-Pi after
electrodeposition (black curve) and after first illumination of linear sweep voltammetry

measurements (green) with the binding energy of b) Co atom and c) P atom.
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In addition, EASA was assessed before and after the first PEC analysis under front-illumination
to justify the improved photocurrent density. In Figure S19, evaluation of the EASA from CpL
identification under dark conditions shows an insignificant change in its value, showing that
EASA does not affect photocurrent density in all samples. Furthermore, the electrolyte buffer
after several CV measurements was subjected to ICP-AES to determine whether or not the Co?*
recovery was total or partial. Interestingly, the photocurrent density was decreasing slowly over
the 10" cycle. The analysis revealed the presence of 429 ng of cobalt ions in the electrolyte
solution with a surface exposition of 0.281 cm? for the Mo:BiVO4/Co-Pi (Table 2). This
analysis revealed that the “self-repair” property of Co-Pi is not complete despite the significant

improvement in photocurrent.

Table 2: ICP-AES of the 1M potassium phosphate buffer before and after PEC analysis.

Name Type value Co0 228.616 nm| Co 238.892 nm | Co 230.786 nm | Co 237.862 nm
Electrolyte before  Average 3 meas. (cps) 221 170 71 128
analysis 1 mL SD 42 9 24 17
diluted by 10 RSD 19.20% 5.53% 33.00% 13.00%
Concentration (ppb) -0.4 -0.9 -0.8 -0.3
Electrolyte after ~ Average 3 meas. (cps) 2099 2078 1322 1187
analysis 1 mL SD 60 72 26 21
diluted by 10 RSD 2.86% 3.47% 1.93% 1.77%
Concentration (ppb) 9.9 9.5 9.6 9.9
TOTAL Average mass in 1 mL (ng) 97
Average mass in 4.4 mL of eleyctrolyte used (ng) 429
slope (cps/ppb) |AY- €01 /pforgO/AV' Zer0)| 149 618 182.475 120.096 103.303

To identify if this amount of Cobalt detected in ionic form could be linked to a partial recovery
of the catalyst in Co (Il) after several cyclic voltammetry, we determined the mass of cobalt
oxidized associated to the difference in photocurrent density from the oxidation/reduction scans
at 0.6 Vrue in the bump potential range. We approximate the time where Co?* is oxidize as Co®*
to the time of scanning from 0.44 V to 0.62 V. As the scan rate is 10 mV st is defined as 18 s.

For the first cycle, the difference in photocurrent is defined as ~ 0.25 mA cm™. As the

illuminated surface is equalled to 0.281 cm?, we calculated a current i of 0.07025 mA

As, [ = g
t
with i the current (A), Q the electric charge (C) and t the time (s), the number of electrons (Ne)

can be calculated as: N, = % and e the charge of an electron (C). The Ne calculated value is
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7.8933 10™ electrons. If we consider that each electron is used in the oxidation of Co (II) into
Co (I11), we deposit 772 ng of Co. This mass is superior to the mass measured by ICP in the
electrolyte after the CVs. If we calculate with the exact same process the Co regenerate from
the following cycles, the difference in photocurrent is ~ 0.13 mA cm™ that corresponds to a
current i of 0.037 mA. It gives a deposition of 405 ng of Co. This result shows that an
incomplete recovery of Co(ll) during the electrocatalysis is operating. However, the quantity
of CO(II) deposited during each cycle does have an impact on the OER.

4. Conclusion

Dense BiVO; and Mo:BiVO4 photoanodes were successfully synthesized using sol-gel dip-
coating techniques, resulting in a scheelite structure composed of monoclinic and tetragonal
polymorphs with an average thickness of 110 nm. Our study reveals that under acidic
conditions, the performance of pure BiVO4 photoanode is constrained by three main factors:
i/ limited electron transfer within the material , ii/ lower kinetics for OER and iii/ the
accumulation of holes at the electrode/electrolyte interface. These issues lead to the
recombination of electron-hole pairs photogenerated and photocorrosion, significantly
impacting the overall photoanode efficiency and sustainability for OER. Bulk modification
through doping enhances electron mobility within the material, resulting in an increase of the
photocurrent density from 1.2 mA cm? to 1.7 mA cm. With the addition of Na;SOs as
sacrificial agent, Mo:BiVOs photoanodes exhibit a high photocurrent density reaching up to
3.6 mA cm with high stability during 5 h. It demonstrates the potential of enhancing
photocurrent density and durability by quickly consuming photogenerated holes for OER.
Surface engineering involving the addition a Co-Pi co-catalyst overlayer on Mo:BiVO4
photoanode improves the OER kinetics by a cathodic shift in the onset potential and enhances
the photocurrent density to 1.9 mA cm at 1.23 Vrue in conditions close to the use in a final
device. Furthermore, it notably enhances the long-term stability of the photoanode, preserving
its thickness for over 5 hours. Nevertheless, a detailed examination during different stages of
cyclic voltammetry experiments revealed an incomplete recovery of Co(ll) within the cyclic
voltammetry process, also the scanning in reduction has shown better photocurrent density in
presence of Co-Pi co-catalyst compared to the linear sweeps emphasizing the incomplete self-
repair property. When compared to other BiVOs-based photoanodes designed for OER under
acidic conditions, our photoanode currently exhibits one of the highest OER efficiency to date

(see Table S1). Future possibilities may include surface modification with more durable

86



catalysts, such as those based on iron (Fe) or nickel (Ni), to further enhance photocurrent

density.
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Table S1: Photoelectrochemical OER performances of BiVOs-based photoanodes in acidic conditions.

IPCE ~10 % @ 430 nm

IPCE ~50 % @ 430 nm

Strategy Electrode design Synthesis method Electrolyte Performance Performances Ref.
(pristine BiVOa4) (after modifications)
at 1.23 VrHE at 1.23 VrHE
Interface FTO/AgVOs3/BiVO4 BiVOs: spin-coating 0.1 M sodium 0.25 mA cm 1.5 mA cm? 1
Type Il AgVOs: SILAR process ?u:_? tga;rle;, NazSOs| 5pyget potential ~ Onset potential ~
heterojunction p-n deposition pro. 0.9 VRrhe 0.7 VRrHe
Junction IPCE =7 % @ 420-450 |/
nm
Surface funct. FTO/BiVO.4/AIl,O; BiVO.: Electrodeposition of | 0.5 M sodium  |1.34 mA cm™ 1.2 mA cm? 2
o BiOl and conversion to sulphate, Na,SO, cr cr
Passivation layer BiVO. by impregnation- (pH 6) Onset potential Onset potential
T 0.3 VRrHE 0.6 VRrHE
calcination process
Al,O3: plasma-enhance ALD / /
Surface funct. FTO/BiVO./ZIF-67 BiVO.: Spin-coating 0.1 M sodium |1 mA cm? 2.2mA cm? 3
Co-based MOF Room temperature dip ?umréa;te, NazSOs| 5yget potential ~ Onset potential ~
coating (ZIF-67) P 0.3 Ve 0.26 Ve
IPCE ~ 10 % @ 480 nm |IPCE ~ 23 % @ 480 nm
Bulk FTO/10/Mo:BiVO4/ Colloidal crystal template 0.5 M sodium 0.5 mA cm™ at 2mAcm?at 1 Vagag |4
Morphology via infiltration sulphate, Na>SO.4 |1 Vagagel
L (Ph 6.6)
engineering
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Bulk
In doping

FTO/ In:BiVO,

Drop casting

0.1 M sodium
sulphate, Na;SO4
(pH 6.8)

0.5 mA cm?

IPCE ~20 % @ 420 nm

1.56 mA cm?
Stability 1 h
IPCE ~ 45 % @ 420 nm
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Sol-gel Chemistry Dip-Coating Final calcination

7 Y
Solvent: VO (acac),
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Figure S2: Scheme of the synthesis process (dip-coating scheme extract from Bindini et Al. °)
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Figure S3: BiVO4 reproduced from Hillard et al. protocol. a) XRD pattern of BiVO4 (black curve),
grey curve annealed FTO substrate (grey curve), PDF-04-010-5710 BiVO, tetragonal scheelite
(blue straight-line) and PDF-04-010-5713 BiVO4 monoclinic scheelite (red straight-line); b) UV-
Visible absorption spectra and Eg; ¢) FEG-SEM surface imaging; d) FEG-SEM cross-section

imaging;
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Figure S4: SEM-FEG imaging of Mo:BiVO, synthesized on Silica substrate surface and cross-
section at A) A’) RH <35 %, B) B’) RH <20 %, C)C’) RH <10 %.
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Method for band gap determination by ellipsometry

Thickness and Eg can be determined by ellypsometry. The band gap of pure BiVOs was
measured from the extinction coefficient k from the ellipsometry measurement by applying the
Tauc-Plot methodology. The Model used are Gen-Osc or B-Spline, and the closest to the
experimental curves “psy” and “delta”. The fitted curves and parameters (MSE, Roughness,
Thickness, refractive index n) are detailed below. With the extraction of the “k” parameter for

each wavelength we applied a direct Tauc-Plot on the theses value.

With equation (1):
hPlanck Xv 1

hv (eV) = 2 X A

(1.a)

With: hpiencr the constant of Planck (in J.s), v the celerity of light (in nm), A the wavelength

(in nm) and e the elementary charge of a single electron (in Coulombs).

6.626 e3* x 3 e’ 1
X
A (nm) 1.602 e~19

hv (eV) = (1.b)

We transform the wavelength into energy. Then with the formula (3) we obtain an absorbance

from the “k” parameter:

b _4-X7T><k )
ST A (nm) @

As BiVOys is considered a semiconductor with a direct Eg 7 we fitted:
(Abs X hv)? = f (hv) 3

A linear polynomial fit on the linear region of the curves allows us to determine the x-intercept

in a typical y = ax + b first-degree polynomial that corresponds to the Eg value

Example with pristine BiVO,in Figure S4
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Figure S5: Characterization of pristine BiVO. deposited on FTO substrate by dip-coating with a)

the variable psy and delta measured and the fitting model, b) the refractive “n” and the extinction

coefficient “k” in function of the wavelength (nm).

Table S6: Ellipsometry characterization of BiVO, and Mo:BiVO; layers deposited by dip-coating.

Sample BiVOs Mo:BiVO4
MODEL B-spline B-spline
PARAMETER Value Error bar | Value Error bar
MSE 8.433 4.345

Thickness # 2 (nm) 0.28 0.517 1.49 0.125
Angle Offset 104 1.149 90.69 0.397

n of Si_JAW @ 632.8 nm -1.877 0.0573 -0.664 0.0655

n of coated layer @ 632.8 nm | 1.48569 1.48569
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Table S7: X-ray fluorescence determination of the %omol of Mo, Bi, and V element. Determination

of the amount of Mo®* in the film

Mo \Y Bi
masse (Mg) [0.11 5.16 22.82
n (umol)  |0.0012 0.1013 0.1092
% mol 0.56 47.85 51.59

Element | LOD (limit of detection) | LOQ (limit of
in ug guantification) in ug
Bi 0.013 0.044
Mo 0.008 0.026
V 0.008 0.026
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Figure S8: Room-Temperature XPS survey spectra of BiVO, in black dots and BiVg.9s4M00 0604 in

red dots.
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Figure S9: Room-temperature XPS spectra of air exposed samples with the signal of C1s and Si
2. Colour code: black spectra corresponding to pristine BiVO. and red spectra corresponding to

BiV0.094M00.060a.

99



Table S10: Binding energy in eV of C 1s, and Si 2p in the electrodes of BiVO4 and BiV0.094M00.0604.

Cls Si2p
Element
C-C,C-H| C-OH, C-O-C C=0 0-C=0 Si-O
BiVO. 284.56 286.06 287.56 288.56 102.00
BiV0.994M00. 0604 | 284.56 286.06 287.56 288.56 102.31
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Figure S11: Photoelectrochemical set-up
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Figure S12: Photoelectrochemical measurements in 1M potassium phosphate buffer (pH 6) under
front simulated illumination at 100 mW cma) Linear voltage sweeps measured at BiVO4 (60 nm)
thin films light on (black line) light off (large dots) b) chronoamperometric measurement at 1.23
Vrue With chopped on/off illumination of 90 s for 1 h.
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. Method for the Electrochemical Active Surface Area determination

The comparison of the double layer capacitance (CpL) of the samples brings information on the
electrochemically active surface area (EASA) with the formula (4). The specific capacitance
(Cs) describes the capacitance of an ideal flat surface of the catalyst. Due to its value
dependency of the pH media, the material and measurement conditions, as reported by McCrory
et al. for alkaline solution they identify a variation of ~ 0.11 mF cm? in benchmark

publications. &°

EASA = Ccﬂ 4)
To compare our samples, we evaluated the electrochemically active surface area as a function
of the capacitance value of the double layer. To calculate de CpL, cyclic voltammetry (CV) is
performed in 1M potassium phosphate buffer (pH 6) in dark conditions (without any
illumination) in the non-faradaic region of the electrodes corresponding to [0.21; 0.41] VRrre.
We applied 10 cycles for a specific scan rate and extracted the 8" CV curve which corresponds
to the cycle where the curves are nearly identical. We realised these measurements for the scan
rates: 5, 10, 20, 50, 100 mV st. CV were performed in a 3 electrodes configuration identical
to LSV or chronoamperometric measurements. The surface isolated on these samples
corresponds to the best part of the deposited film were the photoelectrochemical measurements

are studied.

For one sample, the 8" curve was plotted in function of the voltage. Then CpL was assessed
from the slope of the linear regression between the current density differences (Aj/2 = (ja-jc)/2)

in the middle of the potential window of CV curves versus the scan rates.
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Figure S13: Cyclic voltammetry of scan rates: 5, 10, 20, 50, 100 mV s* of a) pristine BiVOa, b)
Mo:BiVOy, linear regression of Aj/2 in function of the scan rate of c) pristine BiVOy4, d) M0:BiVOa.
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Figure S14: FEG-SEM post-mortem after PEC analysis under back-illumination of a) BiVO,
surface, b) BiVO, cross-section ¢) Mo:BiVO, surface, d) Mo:BiVO, cross-section.
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Figure S15: Chronoamperometric measurement on Mo:BiVO, thin film at 1.23 V vs RHE with chopped on/off irradiation of 90 sec.
during 5 h in front irradiation at 1M potassium phosphate buffer with additional 1M Na,SOs3 (pH 6.8) as sacrificial agent.
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Figure S16: FEG-SEM Post-mortem imaging of Mo:BivO, thin film after photoelectrochemical
tests at 1M potassium phosphate buffer with additional 1M Na,SO; (pH 6.8) as sacrificial agent.
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Figure S17: Oxidation and reduction F**/Fe?* study by cyclic voltammetry on naked FTO,
Mo:BiVO, before any photoexcitation (in black) and after several linear sweep voltammetry

measurements in dark and light modes (in red)

The Figure S17 corresponds to the cyclic voltammetry measurements of the couple Fe3* / Fe?*
oxidation and reduction for bare FTO and for Mo:BiVOs after the synthesis before any
perturbation or stimulus and after several linear sweep voltammetry measurements in dark and

light conditions.

The electrolyte solution is composed of 50 mM ferri/ferrocyanide (potassium ferricyanide I,
ACS reagent 99.0 %, potassium hexacyanoferrate Il trihydrate, ACS reagent < 100 %) with
0.1 M supporting potassium chloride (ACS reagent 99.0-100.5 %) electrolyte.
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Figure S19: Cyclic voltammetry in the dark with scan rates: 5, 10, 20, 50, 100 mV s* of a)
Mo:BiVO4/Co-Pi before any LSV measurement, b) Mo:BiVO./Co-Pi after the first LSV

measurement under front-illumination at 100 mW cm?, d) linear regression of Aj/2 in function of
the scan rate.
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Sol-Gel BiVOs-based photoanode with enhanced stability
through the deposit of a TiO; passivation layer

ABSTRACT

Developing efficient BiVOs-based photoanodes for aqueous photoelectrochemical water
oxidation poses sustainability challenges. One strategy to enhance sustainability involves
passivation, with ultrathin TiO: layers proposed as effect