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liquid water or water vapour into hydrogen and oxygen using solar energy. For the first time, we

studied the performance and the stability of membrane-photoelectrode assemblies with BiVO,

photoanodes and CoPi co-catalysts on metallic felts at different temperatures. Upon illumination
with simulated solar light, photocurrent densities of 0.23 mA cm™ at 1 V vs. RHE were obtained
with the proton-exchange ionomer and 0.06 mA cm™2 with anion-exchange ionomer, all using
liquid water at 30 °C. Operation with liquid water at 56 °C reduced the onset potential differ-
ence in light and dark due to more severe recombination of charges, independent on the choice

of ionomer. The (photoelectro)chemical corrosion reactions resulted in the dissolution of Bi, V,

Mo and Co, which was accelerated by temperature. The dissolved species formed solid particles

mainly containing vanadium in the proton-exchange membranes. Operation of proton-exchange
membrane-photoelectrode assemblies with water vapour resulted in 85% decrease of the pho-
tocurrent density produced at 1 V vs. RHE as the hydration of the ionomer was reduced. The
more acidic local pH at the ionomer-photoelectrode interface (compared to liquid water operation)
accelerated the dissolution of the photoactive material in time, resulting in a faster decrease of the

saturation current density. Membrane-photoelectrode assemblies have demonstrated to expand

practical device configurations beyond conventional planar setups. The remaining performance
gap with respect to planar photoelectrodes highlights the gains that systematic optimisation of
membrane-photoelectrode assemblies can still unlock.

1 Introduction

Various device configurations have been proposed for the solar-
driven conversion of water into hydrogen and oxygen using a
photoelectrochemical (PEC) approach, i.e. with at least a semi-
conductor in direct contact with an electrolyte.] A membrane-
photoelectrode assembly (MPEA) is a system in which a solid
ionomer is used to ionically connect a semiconductor on a con-
ductive substrate to another electrode.

The use of solid ionomer electrolytes allows operating the elec-
trolyzer with pure water reactant feeds, either in liquid or gas
phase. Humidity in the air can also be used, making the appli-

* Corresponding author, E-mail: sophia.haussener@epfl.ch

@ Laboratory of Renewable Energy Science and Engineering, Institute of Mechanical
Engineering, Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzer-
land.

b Johnson Matthey Technology Centre, Blounts Court Road, Reading RG4 9NH,
United Kingdom.

T Electronic Supplementary Information (ESI) available: [details of any supplemen-
tary information available should be included here]. See DOI: 00.0000,/00000000.

cation attractive for locations with limited access to liquid water.
Using humid air, the parasitic optical losses caused by bubble gen-
eration in liquid solutions may be avoided at the expense of ear-
lier mass transport limitations.2 Whilst hydrated solid ionomers
typically have a lower ionic conductivity than concentrated lig-
uid electrolytes,3 their low hydrogen and oxygen permeability
(in the order of 107! mol s~ cm™2 bar—!)4 allows for the use of
thin membranes (e.g., ~100 um thick) and high-purity hydrogen
generation. This approach minimizes gaseous product crossover,
reduces ohmic losses, and enhances partial load operation effi-
ciency compared to systems using liquid electrolytes and porous
separators.® The main disadvantage of solid ionomers is however
their elevated price which currently limits their attractiveness for
large-scale utilization.® Similar as for liquid electrolytes, some
of the commercial ionomers also parasitically absorb light, po-
tentially reducing the fraction of the solar spectrum reaching the
photoelectrodes.

Monopolar solid ionomers operating at low temperature (be-
low 80 °C) are divided in two categories depending on the type
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of ion which they can selectively transfer: cation-exchange (com-
monly called proton-exchange) or anion-exchange ionomers.”-8
When properly hydrated, proton-exchange ionomers impose an
acidic local environment at the interface with the photoelectrode
(pH ~ 2).9 The low pH limits the choice of suitable semiconduc-
tors and co-catalysts which do not suffer from (photo)corrosion,
especially for the photoanode performing the oxygen evolu-
tion reaction (OER).19 Most of the commercial proton-exchange
ionomers, i.e. Nafion™ of Chemours, are composed of perfluori-
nated alkylated substances (PFAS), whose production has been
recently restricted due to their severe impact on environment and
health. 11

Anion-exchange ionomers are less developed apparent from
shorter lifetimes than proton-exchange ionomers. 12 Good electri-
cal insulating properties are achieved while introducing positively
charged functional groups to ensure the transfer of hydroxyl an-
ions when hydrated. Various backbones not necessarily relying
on PFAS (e.g., heteroatom-based polyaromatics, poly(arylene)s
and polyolefins) can be used.!® The local alkaline pH in the
nanochannels of anion-exchange ionomers may be beneficial for
the stability of a larger number of more common and less ex-
pensive materials like hematite (a-Fe,O3) photoanodes with co-
catalysts based on transition metals like Co or Ni. 1415

Different metal oxide semiconductors have been tested in
MPEA configuration. Metallic meshes of Ti or W were partially
oxidized to create a thin layer of semiconductor (TiO, or WOs3,
respectively) on their surface and then integrated in proton-
exchange MPEAs. 16-18 Bismuth vanadate (BiVO,) was deposited
on Ti felts through dip-coating techniques and covered with
proton-exchange ionomer to form MPEAs.1%20 A record pho-
tocurrent density of 2.1 mA cm™2 at 1.23 V vs. RHE was ob-
tained with a W-doped BiVO, photoanode on titanium felts un-
der simulated sunlight using a 0.1 M Na,SO, aqueous solution. A
transparent porous conductive substrate made of interconnected
SiO, fibres coated with fluorine-doped tin oxide (FTO) was tested
with different semiconducting materials in contact with a proton-
exchange ionomer.2! Using transparent conductive substrates,
a tandem photoanode-photocathode MPEA may be developed
properly tuning the bandgaps of the two materials to utilise a
larger fraction of the solar spectrum. 22 Anion exchange ionomers
were used to integrate photoelectrodes made of TiO, or hematite
(a-Fe,03).23:24

The MPEA review by Amano et al. 2> describes the synthesis
of photoelectrodes, their integration in an assembly with solid
ionomers and their performance characterization using water in
liquid or gas phase. However, there is still limited information
on the effects of (photo)corrosion of the semiconductor or of the
co-catalysts in this device configuration. Understanding the mech-
anism and the effects of the degradation phenomena is crucial to
cover the stability gap for technologically viable PEC water split-
ting. 26

The majority MPEAs were tested at ambient conditions. Op-
eration of PEC devices at higher temperature may affect light
absorption, charge separation and recombination as well as wa-
ter splitting and (photo)corrosion reaction rates.2” The effects of
temperature in MPEAs need clarification. Mass transport of wa-
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ter from the channel to the surface of the photoelectrode may be
affected by the flow field geometry of the cell, especially if hu-
mid air is used as the reactant. Mass transport limitations caused
by non-homogeneous relative humidity in the cell have to be
avoided while minimizing the pressure drop in the device. This
trade-off has been studied in depth for proton-exchange 2829 and
anion-exchange electrolysis3° but it has never been addressed for
MPEAs.

In this work, the performance and stability of MPEAs for solar
water splitting with a Mo-doped BiVO, (Mo:BiVO,) photoanode
and a cobalt phosphate (CoPi) co-catalyst on titanium or stain-
less steel (SS) felts were assessed. BiVO, was selected as a ref-
erence material to investigate the effects of the (photo)corrosion
in MPEAs as it is a promising semiconductor for PEC water split-
ting and the mechanism of (photo)corrosion in liquid electrolyte
has already been investigated. 31-36 CoPi is an efficient co-catalyst
for BiVO, as it acts as passivation layer which suppresses surface
recombination of photogenerated minority carriers. 37

The fabrication of the photoelectrodes on metallic felts was first
optimized evaluating the photoelectrochemical performance in a
liquid electrolyte. The optimized samples were then integrated in
proton-exchange or anion-exchange MPEAs. Their performance
and stability were assessed under simulated solar light using lig-
uid water at 30 °C, 43 °C or 56 °C to evaluate for the first time
the effects of temperature in MPEAs (Table S1). The effects of
(photo)corrosion reactions were evaluated before and after the
PEC tests with liquid water by detailed material (photoabsorber,
co-catalyst, membrane, etc.) and reactant/product analysis (via
SEM, ICP-MS, XPS, etc.). Finally, vapour-phase water splitting in
proton-exchange MPEAs was demonstrated at 30 °C. Their per-
formance and stability were assessed with two different flow field
configurations to evaluate their impact on the vapour mass trans-
port.

2 Experimental

2.1 Fabrication of BiVO, photoanodes

The simplified successive ionic layer adsorption and reaction (s-
SILAR) procedure to prepare Mo:BiVO, photoanodes on metallic
felts was adapted from literature. 1% We used either titanium felts
(porosity 72%, thickness 250 um, Fuel Cell Store) or stainless
steel (SS) felts (porosity 82%, thickness 500 wm, Bekaert), which
were cleaned through three successive ultrasonic rinsing steps in
acetone, ethanol and water. The felts were cut into 2 x 2 cm?
pieces and then covered with PVC tape leaving an uncovered area
of 3.6 cm? on one of the two sides. This PVC-tape mask followed
the shape of the flow field geometry used (straight, single serpen-
tine, or interdigitated) to guarantee the direct contact between
the flow field/current collector plate and the uncoated felts. The
Bi-precursor solution was 40 mL of 0.025 M Bi(NOs3)3 - 5H,0 in
water and acetic acid in 19:1 volumetric ratio. The V-precursor so-
lution was 40 mL of 0.025 M NH,VO3 in water. Mo-doped samples
were obtained by substituting 1%, 3% or 5% in moles of NH,VO3
with (NH),MoOy, to keep a 1:1 molar ratio of Bi/(V+W) in the
two solutions (to theoretically obtain BiVyg;Mo0g304). A single
s-SILAR cycle consisted in immersing the masked felt in the Bi-
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precursor solution for 30 s and then in the V-precursor solution
for other 30 s with intervals of 60 s between each immersion to
dry the felt under flowing N,. After the removal of the tape mask,
the samples were annealed in a muffle furnace (Carbolite Gero)
at 550 °C for 2 h with a heating rate of 2.5 °C min~!. Afterwards,
the coated felts were immersed in a 1 M KOH aqueous solution
for 20 minutes (to remove the unreacted and excess vanadium),
rinsed with water and dried in air. The Mo:BiVO, samples were
finally annealed in a retorted furnace (Carbolite Gero) at 300 °C
for 10 minutes using a 5 °C min~! ramp rate with a flow of 500 mL
min~! of a mixture 5% H,/ 95% N,. This mild heat treatment in a
reductive hydrogen atmosphere was used to improve the carriers
mobility and lifetime in Mo:BiVO,.38

2.2 CoPi co-catalyst photoelectrodeposition

The procedure for CoPi photoelectrodeposition on Mo:BiVO, pho-
toanodes was adapted from literature3? to preferentially deposit
the co-catalyst on the most photoactive sites of the semicon-
ductor surface (i.e. the exposed surface of the semiconductor).
A Mo:BiVO, on metallic felt (working electrode), a reversible
hydrogen electrode (Gaskatel Hydroflex), and a graphite rod
(counter electrode) were immersed in an electrolyte of 0.5 mM
Co(NO3), - 6H,0 and 0.1 M potassium phosphate solution with
pH &~ 7 (molar concentration ratio KH,PO, : K,HPO, of 1.63:1).
Using a methodology previously described, 0 the samples were
placed at a distance of 106 mm from a blue LED (ILS OSLON
SSL4, peak wavelength 442 nm, 173 = 7 W m~2 at 106 mm) to
simulate the useful irradiation absorbed from the AM 1.5G spec-
trum. The LED was powered by constant-current LED drivers (0.7
A, ILS 1ZC070) and attached to an aluminium heat sink by ther-
mal adhesive. A simplified schematics of the setup is shown in
Fig. Figure S1. A constant potential of 1.0 V vs. RHE was applied
for 20 minutes using a Biologic VSP potentiostat.

2.3 Preliminary PEC tests for photoanodes optimization

The Mo dopant molar concentration, total semiconductor load-
ing, and CoPi catalyst deposition was optimized by varying the
number of s-SILAR cycles and concentration of precursors in or-
der to maximize the photoelectrochemical performance. The PEC
measurements were performed in a beaker with 200 mL of a 0.2
M Na, SO, aqueous solution and the same setup shown in Fig. Fig-
ure S1 was used. Cyclic voltammetries (CVs) between 0.2 and 1.6
V vs. RHE at a scan rate of 10 mV s~ were performed, reporting
the average of the third forward sweeps of the CV of two different
coated felts. The high-frequency resistance (HFR) was obtained
fitting the electrochemical impedance spectroscopy imposing a si-
nusoidal wave with amplitude of 20 mV and a frequency of 50
kHz at a constant potential of 1.23 V vs. RHE. Where specified,
0.1 M of Na,SO3 was added to the electrolyte as hole scavenger.
The catalytic efficiency 1¢,c was used as a performance indicator
as previously proposed by Dotan et al. 41 (Eq. 1).

Ncat =~ €h)

Jjm,0 is the current density resulting from an experiment with-
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out hole-scavenger (i.e. oxygen evolution reaction will dominate)
and jna,s0, is the current density measured with a hole scavenger,
Na,S03, assuming that all photogenerated holes reaching the sur-
face of the photoelectrode contribute to the sulfite anion oxida-
tion without recombination.

2.4 Membrane-photoelectrode assembly preparation

The proton-exchange ionomer dispersion was obtained us-
ing Nafion™ ionomer pellets, ethanol and deionized water in
18.5:80:1.5 mass proportion. For the anion-exchange ionomer,
Fumion™ FAA-3 shredded films and 1-propanol in 25:75 mass
proportion were used. Layers of proton-exchange and anion-
exchange ionomer inks, with thicknesses of 300 um and 650 wm
respectively, were obtained through a doctor blade method. The
coated Ti felts were placed in the proton-exchange ionomer layer
leaving the semiconductor side on top. For the coated SS felts,
the semiconductor side was pointing downwards when placing
them in the anion-exchange ionomer layer. The samples were
dried in ambient air for 30 minutes to let the solvents evaporate.
The excess ionomer was cut away from the dry layers to obtain
the ionomer-coated felts. Nafion™ 115 proton-exchange mem-
branes (PEM, thickness 127 um) coated with a Pt/C cathode cata-
lyst layer (catalyst loading 0.08 mg cm—2, Johnson Matthey) and
Fumasep™ FAA-3-50 anion-exchange membranes (AEM, thick-
ness 50 um) coated with a Pt/C layer (catalyst loading 0.4 mg
cm2, Johnson Matthey) were used for the membrane-cathode
assemblies. To obtain a membrane-photoelectrode assembly, the
ionomer-coated felts were placed on top of the catalyst-coated
membrane with the semiconductor side pointing upwards and in
between some PTFE gaskets. Hot pressing for 2 minutes at 150
°C for proton-exchange membrane (PEM) or at 80 °C for anion-
exchange membrane (AEM) was performed without applying any
pressure, i.e. the plates were only touching the two external gas-
kets without any air gap in between, not to risk to compress
too much and to damage the coated porous layer. A simplified
schematic of the steps to prepare the membrane-photoelectrode
assemblies is shown in Fig. Figure S2.

2.5 Photo-electrolyzer cell design

Inspired by low-temperature electrolyzers, a cell to test
membrane-photoelectrode assemblies was designed and is hence-
forth referred to as the photo-electrolyzer (Fig. 1(a)). A quartz
window and a PVC gasket transparent in the visible region al-
lowed to illuminate the photoanode integrated in the MPEA. A
carbon porous transport layer (Sigracet 39AA, 280 um thickness,
80% porosity, Fuel Cell Store) was used at the cathode side. Ti-
tanium flow fields with straight, single serpentine or interdigi-
tated geometry were also the current collectors in contact with
the porous conductive layers. PEEK external plates and PTFE gas-
kets completed the cell, avoiding leakages.

2.6 Introduction of the external reference electrode

An external reference electrode was introduced in the photo-
electrolyzer in an edge-type configuration taking inspiration from
previously proposed methodologies.4>4* A hydrogen reference
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electrode (Gaskatel Hydroflex) was placed outside the cell and
immersed in a 1 M H,SO, aqueous solution for PEM experiments.
The solution was ionically connected to the membrane through a
Nafion™ tube (0.84 mm OD, Fuel Cell Store) in a PTFE tubing
(0.9 mm OD) filled with a 1 M H,SO, aqueous solution. A 1 M
NaOH aqueous solution was alternatively used for the AEM exper-
iments. The PTFE tube was inserted in a Fidex F-130X fitting and
inserted in the photo-electrolyzer cathodic PEEK plate to avoid
leakages. The schematic representation of the system is shown
in Fig. 1(b). The applied potentials vs. RHE were not corrected
for the ohmic drop in the membrane given the low operating cur-
rent densities. The Donnan potential at the membrane-liquid elec-
trolyte interface was assumed negligible.

2.7 Setup for the tests with liquid water or humid air

Liquid deionized water (200 mL) was stored in glass bottles and
it was sent to both sides of the photo-electrolyzer using a multi-
channel Shenchen LabV1 peristaltic pump with a MC12 pump
head. A water volumetric flow rate of 13 mL min~! was imposed.
The glass bottles were placed in a 28 L water bath (Fisherbrand
Isotemp) to control the temperature of the working fluid. Tests
with water in vapour phase were performed imposing a flow of
nitrogen to pass through a humidifier before reaching the photo-
electrolyzer. Nitrogen volumetric flow rates from 20 to 220 mL
min~! in both compartments of the cell were imposed through
mass flow controllers (Bronkhorst F-201CV). The temperature in
the cell was measured using K-type thermocouples connected to
a Pico Technology TC-08 data logger. The thermocouples were
introduced into a port of each flow field plate to obtain an esti-
mate of the operating temperature of the electrodes. The photo-
electrolyzer was illuminated by AM 1.5G simulated irradiation
from a Trisol Solar Simulator (AOI) calibrated with an Ocean
Insight FLAME-S-XR1 spectrometer (optical resolution 1.7 nm
FWHM) connected to an optical fibre (core diameter 300 um,
length 1 m) and a cosine corrector (CC-3-UV-S, Oceanlnsight).
The schematic representation of the two setup configurations is
reported in Fig. Figure S3 - Figure S4.

2.8 PEC characterization of the membrane-photoelectrode
assemblies

The membrane-photoelectrode assemblies were characterized
in three-electrode configuration connecting the anodic metallic
plate of the photo-electrolyzer to the working electrode, the ca-
thodic plate to the counter electrode and using the external hy-
drogen electrode as reference (Fig. 1(b)). The external reference
electrode used was considered as a reversible hydrogen electrode
(RHE) as in previous reports.4%4> The current density-potential
characteristic curves of proton-exchange MPEAs were obtained
applying potentials from 0.7 to 1.6 V vs. RHE for 60 s. Similar
curves were obtained for the anion-exchange MPEAs applying po-
tentials from 0.7 to 1.3 V vs. RHE for 60 s as a dark current associ-
ated to the oxidation of the SS felt was observed for larger poten-
tials.*© The current densities reported in the characteristic curves
are the averages of the steady state values of two different sam-
ples. All the error bars reported were obtained from the standard
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deviation of the measurements of two samples. Chronoampero-
metric measurements imposing 1.23 V vs. RHE were interspersed
with current density-potential characteristic curves. Tests with lig-
uid water at 30 °C, 43 °C and 56 °C were performed, only tests at
30 °C were performed with water vapour. The onset potential was
defined as the potential vs. RHE measured at 0.02 mA cm™2 and
it was calculated with a linear interpolation of the experimental
points. The saturation current density was defined as the average
current density measured at 1.2 V vs. RHE in the characteristic
curves.

Photostability was analysed by extracting 10 mL of liquid water
from the anodic reservoir after two current density-potential char-
acterizations performed after different time spans of chronoam-
perometry. The chemical stability of the samples was analysed
leaving both the proton-exchange or anion-exchange MPEAs,
both the metallic felts (Ti and SS) coated with Mo:BiVO, and
CoPi (without ionomer), or the annealed SS felts (without any
coating), either in liquid water, in a 0.005 M H,SO, aqueous so-
lution (pH ~ 2) or in a 0.01 M NaOH aqueous solution (pH =
12). Liquid samples were then analysed using inductively cou-
pled plasma mass spectroscopy (ICP-MS, Agilent Technologies LC
Infinity II Triple Quad 8900) to quantify the amount of dissolved
elements.

2.9 Material characterization

The Mo:BiVO, coated felts and the MPEAs were observed before
and after operation using scanning electron microscopy (SEM).
Jeol JSM-IT300 SEM operating at 20 kV was used for pristine
samples, Zeiss GeminiSEM 300 working at 3 kV for aged sam-
ples. For the cross-section SEM images of pristine MPEAs, the
samples were embedded in epoxy resin and mechanically pol-
ished after solidification until obtaining a mirror-like surface. For
the aged samples, the membranes were broken in two pieces in
liquid nitrogen to obtain a sharp rupture. A carbon deposition
pre-treatment was performed before every cross-section SEM ob-
servation. The nanostructures of Mo:BiVO, were mechanically
scratched away from the metallic felts with a razor blade and
deposited on a standard Cu grid. They were then observed by
transmission electron microscopy (TEM, Tecnai Osiris operated at
200 kV) and energy-dispersive X-ray spectroscopy (EDXS). Anion-
exchange membranes after the PEC tests with liquid water at 30
°C were embedded in epoxy and cut by ultra-microtomy into 90
nm lamellas and put on CF200-CU-50 grids for TEM and EDXS
measurements.

The elemental surface composition of the samples was eval-
uated by X-ray photoelectron spectroscopy (XPS). The synthesis
steps from BiVO, to Mo:BiVO, with CoPi on Ti felt were analysed
using a Thermo Nexsa instrument, while the effects of photocor-
rosion were investigated using a Kratos AXIS Supra. The binding
energies were corrected with reference to adventitious C 1s peak
at 284.8 eV and normalized separately for the samples measured
with each instrument.

Spectral hemispherical reflectance and transmittance spectra of
Mo:BiVO, on titanium and SS felts or on a planar FTO-coated
glass substrate were measured with a Shimadzu UV-2600 UV-
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vis-NIR spectrophotometer with an integrating sphere (ISR-2600
PLUS Shimadzu). Absorption spectra were calculated from these
data. The Tauc plot was fitted assuming an indirect optical tran-
sition to obtain the optical bandgap of the semiconductor at am-
bient temperature4’. A correction for a baseline of the absorbing
metallic felts was applied as previously proposed.4® The trans-
mittance of a thin layer of proton-exchange thin layer (10 pm)
and anion-exchange (60 um) ionomer on FTO-coated glass were
obtained following the same methodology.

3 Results and Discussion

3.1 Optimization and characterization of the photoanodes

In order to maximize the MPEA performance, the concentration
of Mo dopant and the number of s-SILAR cycles were optimized.
Mo acts as an electron donor in the BiVO, lattice. 4’ The optimal
molar concentration of Mo dopant was found to be 3% (Fig. Fig-
ure S5). Lower Mo concentrations seem to not provide enough
free electrons in the lattice whereas too large Mo concentrations
reduce the space charge region thickness and may induce lattice
strain or even the formation of Mo oxides and defects, acting as
recombination centres.>® The optimal number of s-SILAR cycles
for Mo:BiVO, on titanium and stainless steel felts was found to
be 8 and 6 respectively (Fig. Figure S6 and Figure S7 (c)-(d)). A
current density of 0.57 and 0.69 mA cm~2 was achieved at 1.23
V vs. RHE with the Ti and SS substrates, respectively. SS felts
also allowed for a better extraction of photogenerated charges at
lower potentials. For a lower number of s-SILAR cycles, the small
amount of semiconductor on the felt leads to reduced light ab-
sorption51 (Fig. Figure S7 (a)-(b)). The high-frequency resistance
(HFR) of the samples did not vary when increasing the number of
cycles above the optimum (12 Q cm? for Mo:BiVO, on Ti felts and
20 © cm? for the semiconductor on SS felts for more cycles than
the optimal one), excluding ohmic losses as explanation. Likely,
a larger amount of the generated charge carriers is further away
from the interface and charge extraction becomes more difficult.
This optimal Mo concentration and number of s-SILAR cycles was
fixed for all of the subsequent experiments.

For the optimal number of s-SILAR cycles, the Mo:BiVO, semi-
conductor nearly completely covers the fibres of both the Ti and
SS felts (Fig. 2 (a)-(b)). The semiconductor formed nanostruc-
tures on the fibres (Fig. 2 (c) andFigure S8), increasing the spe-
cific surface area for the anodic reaction. Nanostructures also
ensure the collection of photogenerated minority charge carri-
ers perpendicular to the direction of light absorption, which is
beneficial considering the short diffusion length of doped BiVO,
photoanodes (between 50 and 100 nm) 523, After the photoelec-
trodeposition of CoPi, the co-catalyst formed a layer of approxi-
mately 30 nm on Mo:BiVOy, helping to suppress the surface re-
combination at the interface with the electrolyte37 without con-
siderably compromising the light absorption (Fig. 2 (d)-(e)-(f)
and Figure S9). The indirect optical bandgap of the semiconduc-
tor was measured to be 2.47 eV (Fig. Figure S10), in agreement
with values around 2.4-2.5 eV previously reported. 47

The surface composition and electronic structure of the pho-
toanodes were analysed by XPS. Pristine BiVO, and Mo:BiVO,
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with CoPi, both on Ti felts, were initially studied (Fig. 3). For the
pristine BiVO, on Ti, the Bi spectrum exhibited two peaks at bind-
ing energy levels of 159.2 eV and 164.5 €V, which correspond to
the Bi 4f7/, and Bi 4f5/, of Bi 4f levels, attributed to the presence
of Bi(III) state at the surface of the film.>* The peak at 516.9 eV
was ascribed to the V 2p3, state of V(V) oxidation state. ! The
deconvolution of the O 1s spectrum shows two peaks at 530.0
eV and at 531.7 eV, which were attributed to the oxygen in the
lattice and the chemisorbed or dissociated oxygen from water
molecules. > The comparison between the spectra of the pristine
BiVO, and the ones of Mo:BiVO, with CoPi reveals shifts in the
binding energy of the peaks and the variation of their intensities,
indicative of strong interactions between the co-catalyst, the semi-
conductor and the supporting material.>> The XPS peaks of Bi 4f
and V 2p in Mo:BiVO, with CoPi slightly shifted to lower binding
energies and decreased in intensity compared to the pristine ma-
terial without co-catalyst. These shifts suggest charge redistribu-
tion and possible catalyst-semiconductor interfacial effects, which
can play a critical role in the catalytic performance of the system.
The reduction of the intensity of the peaks of Bi and V is in agree-
ment with the TEM results where a conformal layer of CoPi was
observed over BiVO, (Fig. 2 (e)-(f)). Indeed, similar results have
been previously reported in studies examining the surface cover-
age of co-catalysts on different supports.>->7 The O 1s spectrum
exhibits noticeable broadening and different peak positions upon
the co-catalyst deposition. The peaks observed at 529.4 eV, 531.4
eV and 530.8 €V can be deconvoluted into three curves related
to lattice oxygen, oxygen vacancy and absorbed OH groups. 58-60
The appearance of the Mo 3ds/, peak at 232.5 eV confirmed the
presence of the Mo dopant in the BiVO, lattice.®! However, a mi-
nor contribution of Mo was also found in the pristine material,
and it was attributed to its presence in traces in the commercial
metallic substrate used. After the photo-electrodeposition of CoPi,
Co 2p3/, and Co 2p;/, peaks were detected at 780.9 €V and 796.7
eV, respectively. These peaks were attributed to the Co(II)/Co(III)
oxidation states of cobalt, as previously observed for CoPi. Addi-
tional peaks of Co 2p were attributed to the formation of Co-O
and Co-O-P interactions.>>%2 The peak at 133.4 eV in the P 2p
region is derived from the phosphate, confirming the formation of
CoPi on the photo-electrode surface.>* Fig. Figure S11 presents
the XPS spectra of the as-prepared BiVO, and Mo:BiVO, with CoPi
samples on stainless steel felts. With the different substrate, the
chemical elements and their oxidation states were the same as
observed using Ti felts. The main differences were attributed to
using stainless steel as metallic support. The presence of Bi, O,
Mo, Co, and P species in the metal alloy was confirmed by the
XPS peaks of the annealed stainless steel felts (Fig. Figure S12).
Testing the samples on Ti felts in a 0.2 M Na,SO4 aqueous so-
lution, the reduction of ohmic losses with the introduction of Mo
dopant and the improvement in the extraction of photogenerated
holes with CoPi co-catalyst can be noticed (Figure S13). A current
density of 1.5 mA cm™2 was obtained at 1.23 V vs. RHE at 30 °C in
the optimal configuration. This current is smaller than the maxi-
mum photocurrent density obtained with nanostructured planar
BiVO, substrates of 7.15 and 7.0 mA cm~2 at 1.23 V vs. RHE un-
der AM 1.5G illumination respectively obtained by Zhao et al.®3
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Fig. 1 (a) Exploded view of the photo-electrolyzer cell; (b) schematic representation of the proton-exchange system to introduce the external

hydrogen reference electrode in an edge-type configuration.

and Liu et al. %4 Despite being still far from the maximum theoret-
ical limit of 7.5 mA cm~2, the performance in Na,SO, electrolyte
reported here is similar to the one of other BiVO, photoanodes on
porous substrates previously reviewed by Zafeiropoulos et al. 1°
After the photoelectrochemical deposition of CoPi on Mo:BiVO,
on Ti felts, the catalytic efficiency n¢.¢ of the samples increased
from 17% to 62% at 0.8 V vs. RHE. In dark, the oxidation of
Na,SO3 determined a dark current density with an onset potential
at approximately 0.9 V vs. RHE which did not allow to calculate
the catalytic efficiency 1., for larger potentials.

3.2 Membrane-photoelectrode assemblies

After the deposition of the ionomers and the evaporation of the
solvent, the polymer conformally coated the metallic fibres and
the nanostructures of Mo:BiVO, with CoPi (Fig. 4 (a) and Fig-
ure S14). The doctor blade technique facilitated a strategically
non-uniform deposition of ionomer throughout the thickness of
the felts (Fig. Figure S15). The ionomer only covered the fibres
of the felts and the semiconductor nanostructures on the side
directly exposed to light, which ensured the electrolytic contact
with the photoactive particles and optimal mass transfer of the re-
actant to the surface of the photoelectrode. The proton-exchange
ionomer is almost transparent for wavelengths smaller than the
one characteristic to the bandgap of BiVO, (Fig. Figure S16). The
anion-exchange ionomer reduces its transmittance in the UV re-
gion, which may penalize the generation of charges in the semi-
conductor. On the opposite side in contact with the membrane,
the ionomer filled the pores among the fibres to guarantee a bet-
ter adhesion to the membrane. The hot press treatment resulted
in the integration of the felts in the membrane-photoelectrode
assemblies with the Pt/C cathode catalyst layers (Fig. 4 (b)-(c)-
(d)). The use of PVC tape to mask areas where s-SILAR deposition
is undesirable enabled the creation of MPEAs which follow the
shape of the flow field plate used. This avoids contact between
the semiconductor-coated felt and the metal plate contact, which

6 | Journal Name, [year], [vol.], 1—16

would unfavourably increase contact resistance (although a thin
layer of metal oxide may have formed in those regions during the
annealing process). Furthermore, preventing the deposition on
the non-illuminated electrode area minimizes the wasted photo-
active and catalyst materials and optimizes their loading on the
felt (Fig. 4 (e)).

3.3 PEC characterizations with liquid water

The proton-exchange and anion-exchange MPEAs were initially
tested at various temperatures using liquid-phase water. For pris-
tine proton-exchange MPEAs, an increase in the onset potential
with temperature increase was observed: 0.77 V vs. RHE at 30
°C to 0.83 V vs. RHE at 56 °C, with an average rate of +3.7
mV K~! (Fig. 5 (a)). The onset potential difference in light and
dark decreased with increasing temperature, primarily due to a
more pronounced surface recombination of photogenerated mi-
nority carriers compared to their transfer to the electrolyte, as
previously observed for tin-doped hematite photoanodes.*% The
saturation current density increased from 0.30 mA cm™2 at 30
°C to 0.40 mA cm™2 at 56 °C (average rate +0.62 uA cm™2
K1), following a trend in agreement with previous reports about
BiVO, thin films.®1:55> We expect the bandgap of the semicon-
ductor to decrease with temperature as described by the Varshni
model ®® by approximately 8 meV. 67 This decrease corresponds to
a 1.2% larger photon flux with energy greater than the bandgap.
The spectral absorption coefficient at photon wavelengths smaller
than the absorption edge to increase with temperature. The in-
creased absorption of photons combined with a better kinetics of
the electrochemical oxidation is expected to lead to a higher sat-
uration current density with increasing temperature.

The pristine anion-exchange MPEAs at 30 °C had an onset po-
tential of 0.81 V vs. RHE (Fig. 5 (b)), which is comparable to
the ones obtained with proton-exchange MPEAs. However, lower
photocurrent densities were observed, especially at low applied
potentials. At 1 V vs. RHE and 30 °C, anion-exchange MPEAs
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Fig. 2 (a) SEM image and photograph of Mo:BiVO, on Ti felt after 8 s-SILAR cycles; (b) SEM image and photograph of Mo:BiVO, on stainless
steel felt after 6 s-SILAR cycles; (c) SEM image of a nanostructure of Mo:BiVO, formed on a Ti fibre; (d) TEM image of a Mo:BiVO, with CoPi
nanostructure scratched off a metallic felt; (e)-(f) EDXS elemental mapping of (e) Bi, V and Mo and (f) Co and P of the same nanostructure.
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Fig. 3 XPS spectra of pristine BiVO, (black dots) and Mo:BiVO, with CoPi (red dots) on
deconvolution for data fitting (lines) in the binding energy ranges for Bi, V, O, Mo, Co and P.
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Fig. 4 (a) SEM image of the Mo:BiVO, nanostructures on a Ti fibre covered by proton-exchange ionomer; (b) cross-section SEM images of the
proton-exchange membrane-photoelectrode assembly after the hot press treatment; (c) cross-section SEM image of an anion-exchange MPEA
after the hot press treatment; (d) photograph of the proton-exchange (or anion-exchange at the bottom) membrane-photoelectrode assemblies:
(1)/(3) from the photoanode side or (2)/(4) from the Pt/C cathode catalyst layer side; (e) photograph of the serpentine and interdigitated flow
field plates with the proton-exchange MPEAs with the selective deposition of the Mo:BiVO, to follow their shape.

generated a current density of only 0.06 mA cm™2, compared
to 0.23 mA cm~2 with proton-exchange MPEAs under identical
conditions. A less efficient charge extraction at the photoanode-
electrolyte junction may explain this loss of current at larger ap-
plied potentials, further widening the performance gap with re-
spect to the best performing nanostructured photoelectrodes on
planar FTO-coated glass. %364 Fumion™ FAA-3 ionomer partially
absorbs light in the visible spectrum and mainly in the UV, as re-
ported in Fig. Figure S15. Its thickness in the order of hundreds of
nm on the photoanode surface is expected not to significantly pe-
nalize light absorption in the semiconductor. The onset potential
difference in light and dark and photocurrent density produced
by the anion-exchange MPEAs decreased further when operating
at 56 °C.

Next, the behaviour of both proton-exchange and anion-
exchange MPEAs was assessed after operating for a number of
hours. After applying a potential of 1.23 V vs. RHE for 4 hours at
30 °C (Fig. Figure S17 (a)), both the saturation photocurrent den-
sity and onset potential difference produced in anion-exchange
MPEAs decreased over time (Fig. 5 (¢)). Applying the same poten-
tial to the proton-exchange MPEAs, a decrease of the saturation
current density in time was also observed for samples tested at
56 °C and 43 °C (Fig. 5 (d)-(e)). A larger drop of current density
was observed in the first hour of test with a slower subsequent
decrease (Fig. Figure S17 (b)). The chemical and photoelectro-
chemical corrosion of BiVO, in acidic environment followed by
the dissolution of the produced species may reduce the amount
of photoactive semiconductor in time,3° decreasing the amount

8 | Journal Name, [year], [vol.], 1—16

of light collected and therefore the saturation photocurrent den-
sity. During the tests at 30 °C, the saturation current density was
not affected by the application of 1.23 V vs. RHE for 15 hours
(Fig. 5 (D). The same trends at different temperatures were also
observed during chronoamperometry (Fig. Figure S17 (b)): the
average reduction of the current density in time at 56 °C was
—8.6 uA cm~2 h™! while it was negligible at 30 °C. The almost
constant photocurrent density at 30 °C for 15 h does not imply a
perfect stability of the samples, long-term tests (up to thousands
of hours) have to be performed to fully evaluate the impact of
photocorrosion. The negative currents measured are associated
to reduction reactions as previously observed by Zafeiropoulos et
al. 19, Their exact nature was not determined but could be associ-
ated to the residual oxygen reduction on the uncoated Ti surface,
the reduction of TiO,, other oxides or cobalt in CoPi.

3.4 Photocorrosion in proton-exchange MPEAs after tests
with liquid water

ICP-MS measurements were used to quantify the amount of vari-
ous elements in the liquid water and thereby evaluate the photo-
corrosion of Mo:BiVO, photoanodes with CoPi co-catalyst during
operation. Following the tests with proton-exchange MPEAs, the
liquid water of the anodic reservoir contained more vanadium
than bismuth (Fig. 6), with a difference in moles of almost two
orders of magnitude (N{;’ oG h, 30 °C) = 62.2 nmol cm™2 ver-
sus Nl;,i, HZO(S h, 30 °C) = 0.65 nmol cm~2). From the Pourbaix
diagram of BiVO,, BiO" and VO are predicted to be produced
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Fig. 5 (a)-(b) Current density-potential characteristic curves with liquid water at different temperatures of pristine (a) proton-exchange MPEAs,
and (b) anion-exchange MPEAs. (c) Current density-potential characteristic curves of anion-exchange MPEAs after different duration of exposure
to chronoamperometry at 1.23 V vs. RHE with liquid water at 30 °C. (d)-(e)-(f) Current density-potential characteristic curves of proton-exchange
MPEAs after different duration of exposure to chronoamperometry at 1.23 V vs. RHE with liquid water at: (d) 56 °C, (e) 43 °C, (f) 30 °C. The
black dotted lines in the figure represent the characteristic curves with liquid water of the pristine MPEAs in dark.

from the photocorrosion of the material in mildly acidic environ-
ment and under high potential. 3! The lower concentration of bis-
muth may be caused by the transfer of the produced BiO* to the
cathodic water reservoir through the proton-exchange membrane
and the repulsion towards the anodic reservoir of VO, from the
negative sulfonic groups of the Nafion™ ionomer. A more com-
plex mechanism governing selective vanadium dissolution, as ob-
served by Lee and Choi32, could also cause such a difference
in concentration. In this case, the dissolution of vanadium from
BiVO, could be reduced through the use of a V5*-saturated elec-
trolyte. At the end of the tests, the amount of Bi measured in
liquid water was even less than Mo (N]C, 0., 06 h,30°C) =1.32
nmol cm~2), although the theoretical ratio in the material should
be 100:3.

It has previously been shown that the cobalt phosphate is chem-
ically unstable in an acidic environment. %8 Surprisingly, no cobalt
was detected in anodic reservoir after the PEC tests with proton-
exchange MPEAs, i.e. the concentration of Co in water was below
the detection limit of 0.05 ug L~!. We hypothesize that the cat-
alyst may therefore have dissolved extremely quickly and may
have passed to the cathodic reservoir. The performance in 0.2 M
Na, SO, aqueous solution of the pristine proton-exchange MPEA
with blue LED light is indeed similar to the one of Mo:BiVO, on
Ti felt without CoPi in liquid water (Figure S18), confirming that

the complete dissolution of the thin layer of CoPi may have oc-
curred before the end of this test. Operation at 56 °C accelerates
the dissolution of species and the transfer to liquid water without
modifying the relative molar ratios between different species ob-
served at 30 °C. Similar trends are observed when comparing pho-
toelectrochemical and chemical dissolution of the species from
proton-exchange MPEAs (Fig. Figure S19 (a) to (c)). The applied
electrical bias and light increase the quasi-Fermi level of holes in
the photoanode vs. RHE, accelerating the dissolution of species
and their transfer to water without changing the relative molar
ratios among the species. However, the dissolution of V and Mo
appeared to mainly be chemical rather than photoelectrochem-
ical. Placing a Ti felt coated with Mo:BiVO, and CoPi (without
ionomer) in a 0.005 M H,SO,4 aqueous solution with pH ~ 2, the
chemical dissolution at 30 °C of Bi, V and Mo followed the theo-
retical stoichiometric ratios in the material (Fig. Figure S20 (a)).
This result confirms that the proton-exchange ionomer may in-
fluence not only the transfer of ions but also the photocorrosion
mechanism at the photoanode-electrolyte interface. Cobalt was
only detected in the chemical stability test with Ti felts coated
with Mo:BiVO, and CoPi (without ionomer) in a 0.005 M H,SO,
aqueous solution, confirming the chemical instability of the co-
catalyst (Fig. Figure S21 (a)).

Fig. 7 compares the XPS spectra of the pristine Mo:BiVO, sam-
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Fig. 6 Moles of Bi, V or Mo dissolved in liquid water per illuminated
geometric area of the felts after the chronoamperometry performed at
different temperatures with proton-exchange MPEAs. The liquid sam-
ples were extracted after two potential-current density characteristic
curves with simulated solar light.

ples with CoPi on Ti felt with the ones of the same samples cov-
ered by proton-exchange ionomer which were used for the PEC
tests with liquid water at 30 °C in MPEA configuration. The two
additional contributions to the Bi 4f peaks at 159.9 and 165.2 eV
were attributed to Bi, O3, which may be a product of the photocor-
rosion reactions of BiVO,. This conclusion was also supported by
the detection of additional features in the O 1s spectrum, which
shows a new peak at 529.9 eV attributed to Bi-O bonding and the
formation of other oxides.%® The shift of the V peak from 516.4
eV to 517.6 eV possibly suggests no changes in the oxidation state
of V(V), but a different surface interaction with the ionomer. The
shift of the peak of Mo 3ds/, to a lower binding energy at 231.9
eV suggests a variation of the oxidation state and the possible for-
mation of different species, like molybdenum oxides.”? The most
relevant effect of the PEC tests with liquid water at 30 °C was the
total disappearance of Co 2p and P 2p signals, attributed to the
complete co-catalyst dissolution.

Examination of the false-colour cross-section SEM images of
the proton-exchange membrane after the tests at 56 °C, shown in
Fig. 8, reveals that solid particles were formed inside the mem-
brane. These particles coalesced closer to the photoanode, form-
ing clusters of few um in size (Fig. 8 (a)). Conversely, the charac-
teristic dimension of the particles in the middle of the membrane
was in the order of hundreds of nm (Fig. 8 (b)). Analysing the
EDXS elemental mapping, the solid particles were mainly com-
posed of vanadium (Fig. 8 (c)). From the Pourbaix diagram of V
in water, solid V,0s is predicted to be formed after the complete
oxidation of vanadium at low pH and high concentration.”1:72
The solubility of V, 05 is extremely low (0.7 mg L~1) 73 and its su-
persaturation in the nanochannels of the proton-exchange mem-
brane has likely happened. Further research is necessary to de-
fine the exact mechanism behind the formation of these solid
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particles in the proton-exchange membrane of the MPEAs. Other
solid species containing vanadium (IV) (e.g., V,04) or V (V) (e.g.,
HVO3) could possibly have formed. The reactions to form V,05
may have involved the dissolved oxygen or hydrogen in the mem-
brane as already observed for the Pt band formation in proton
exchange membrane fuel cells.”# The identification of the exact
mechanism of this phenomenon is not in the scope of this work.
Catalyst dissolution followed by the formation and coalescence of
solid particles in the membrane has already been observed and
modelled in PEM fuel cells7>77 and electrolyzers 7879 but it had
never been reported for MPEAs.

3.5 Effects of photocorrosion in anion-exchange MPEAs af-
ter tests with liquid water

As shown in Fig. 9, after operation of the anion-exchange MPEAs
at 30 °C, the concentration of V in the anodic reservoir was more
than one order of magnitude larger than the one of Bi (N‘/;’ H20(5
h, 30 °C) = 15.5 nmol cm™2 versus Nl;i,HZO(S h, 30 °C) = 0.58
nmol cm~2). Furthermore, the amount of dissolved Bi detected
was less than than that of Mo (N];[O'HZO(S h, 30 °C) = 1.38 nmol
cm™2). Operation at 56 °C accelerated the process of dissolution
but it also modified the relative amounts of species found in liquid
water, more closely following the theoretical stoichiometric ratios
of the material. Toma et al. 31 proposed that the self-passivation
of BiVO, in alkaline environment with insoluble solid Bi oxides
(Bi4O; and Bi,03) is kinetically inhibited despite the predictions
from the thermodynamic first-principle calculations. The almost
1:1 molar ratio between bismuth and vanadium we obtained at
56 °C can confirm this theory but this also implies that tempera-
ture may have an impact on the mechanism of photocorrosion in
alkaline environment. Comparing these results with those of the
chemical stability of the material, the applied potential and light
have a more dominant effect than temperature in the dissolution
of species into the water (Fig. Figure S19 (d)-(e)-(f)). The accu-
mulation of photogenerated holes at the surface of the photoan-
ode in contact with the hydrated anion-exchange ionomer has a
critical role in accelerating the photocorrosion reactions. The in-
terpretation of the results is complicated because Bi, V and Mo are
also in the stainless steel (SS) felt used as a substrate (Fig. Fig-
ure S12). The chemical dissolution of species in anion-exchange
MPEAs is lower than of an SS felt coated with Mo:BiVO, and
CoPi (without ionomer) left in a 0.01 M NaOH aqueous solution
with pH ~ 12 and even of the bare SS felt after annealing (Fig.
Figure S20 (b)). However, a dominance of V dissolution with re-
spect to Bi and Mo could be observed in all three cases. During
OER in an alkaline environment, CoPi may experience a surface
reconstruction which may affect its composition (towards the for-
mation of Co oxides and hydroxides) and crystallinity. 8081 This
reconstruction may explain the immediate dissolution of cobalt
into the hydrated anion-exchange ionomer and its transfer to the
anodic reservoir right after the two initial characteristic curves
both at 30 and 56 °C (Fig. 9). Temperature appears not to have
any relevant effect on this process in contrast to the application
of an external potential and light, as shown by the assessment of
the chemical stability of CoPi (Fig. Figure S21).

Page 10 of 17


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6se00417b

Page 11 of 17

Open Access Article. Published on 19 June 2026. Downloaded on 6/19/2026 9:58:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Sustainable Energy & Fuels

View Article Online
DOI: 10.1039/D6SE00417B

Post-mortem Bi Post-mortem

Pre-test Pre-test

Intensity (a.u.)
Intensity (a.u.)

\"; Post-mortem (o]

Pre-test

Intensity (a.u.)

T T T T T T T T T T T
167 166 165 164 163 162 161 160 159 158 157 156 519 518 517
Binding Energy (eV)

Binding Energy (eV)

T T T T T T T T
516 515 514 540 538 536 534 532 530 528 526
Binding Energy (eV)

Post-mortem o Mo

Post-mortem

C [o] Post-mortem P

Pre-test

Intensity (a.u.)
Intensity (a.u.)

Pre-test

Intensity (a.u.)

Binding Energy (eV)

T T T T T T T T T T T T T T T T T T T T
237 236 235 234 233 232 231 230 229 228 227 810 805 800 795 790 785 780 775 138 136 134 132 130 128 126

Binding Energy (eV)

Binding Energy (eV)

Fig. 7 XPS spectra of the pristine Mo:BiVO, with CoPi on titanium felt (black dots, as in Fig. 3) and of the Mo:BiVO, with CoPi covered by
proton-exchange ionomer after the PEC tests in proton-exchange MPEA using liquid water at 30 °C for 15 hours (red dots) with the corresponding
Lorentzian deconvolution for data fitting (lines) in the binding energy ranges for Bi, V, O, Mo, Co and P.

Fig. 10 compares the XPS spectra of pristine Mo:BiVO, sam-
ples with CoPi on SS felt with the same ones covered by anion-
exchange ionomer after the PEC tests with liquid water at 30 °C
in MPEA configuration. No relevant variations of the oxidation
states of the different elements were observed, despite the com-
plications in the analysis of the results caused by the elements
which are in the SS felt (Fig. Figure S12). However, the primary
effect of PEC tests can be attributed to the almost complete loss
of Co 2p signals due to the co-catalyst dissolution.

The false-colour SEM images of the cross section of the anion-
exchange membrane used for the tests at 30 °C show the forma-
tion of agglomerates in the order of 30 nm homogeneously dis-
tributed along its thickness (Fig. Figure S22). These agglomerates
were only composed of C and Br, the main constituents of the Fu-
masep™ membrane, and therefore could not be associated to the
photoanode dissolved species (Fig. Figure S23).

3.6 PEC characterizations with water vapour

Due to the inferior performance in liquid-phase water experi-
ments of anion-exchange MPEAs compared to proton-exchange
MPEAs, gas-phase tests were exclusively conducted with the lat-
ter ones. Operation with water in gas phase resulted in a com-
parable onset potentials to the ones obtained using liquid-phase
water but a lower current density (approximately 85% lower at
1 V vs. RHE) (Fig. 11 (a)-(b)). This behaviour is attributed to
the fact that gas-phase operation results in a worse hydration
of the proton-exchange ionomer, reducing conductivity, and the
reduced availability of water at the photoanode-electrolyte in-
terface. The reduced membrane hydration also leads to a more
acidic pH inside the nanochannels of the ionomer, potentially im-

pacting the electrochemical reaction. The performance of pristine
proton-exchange MPEAs with water vapour was unaffected by the
flow field geometry or the imposed volumetric flow rate, which
was varied from 20 to 220 mL min~!. This suggests that water
transport from the channels of the photo-electrolyzer to the active
sites was not the limiting factor at these values of current density.
Consequently, the geometry that minimizes the pressure gradient
across the cell should be favoured. The photocorrosion of the ma-
terial may be the cause of a faster reduction of the current density
in time with respect to the one observed with liquid water (Fig.
Figure S24). The lower local pH may induce more detrimental
operating conditions, leading to faster photocorrosion and disso-
lution of the material.

4 Conclusions

The performance and the stability of membrane-photoelectrode
assemblies with Mo-doped BiVO, photoanodes on metallic felts
with CoPi co-catalyst were assessed for the first time using water
in liquid and gas phase at different temperatures.

The optimal proton-exchange MPEAs tested with liquid water
at different temperatures showed an increase in the onset poten-
tial with temperature from 0.77 V vs. RHE at 30 °C to 0.83 V vs.
RHE at 56 °C, possibly due to a more pronounced surface recom-
bination rate of photogenerated holes compared to their transfer
to the electrolyte. The increase in saturation current density with
temperature from 0.30 mA cm~2 at 30 °C to 0.40 mA cm™2 at
56 °C was explained by a decreased bandgap and increased ab-
sorption coefficients resulting in more light absorption and by the
better reaction kinetics. The reduction of the saturation current
density over time is attributed to the photocorrosion of the pho-
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Fig. 8 (a)-(b) False-colour backscattered electron SEM images of the cross-section of the proton-exchange membrane after the tests with liquid
water at 56 °C: (a) close to the photoanode on Ti felt (cathode not reported) with a zoom of a detail in a red rectangle; (b) at the middle of the
membrane thickness. (c) EDXS elemental mapping of the cross-section SEM image showing the solid particles formed in the proton-exchange

membrane after the PEC tests with liquid water at 56 °C.
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Fig. 9 Moles of Bi, V, Mo or Co dissolved in liquid water per illu-
minated geometric area of the felts after the chronoamperometry per-
formed at different temperatures with anion-exchange MPEAs. The
liquid samples were extracted after two potential-current density char-
acteristic curves with simulated solar light.

12| Journal Name, [year], [vol.], 1_1¢6

toanode, which reduced the amount of photoactive material over
time, thereby reducing the amount of absorbed light. The photo-
corrosion of the photoanode led to its dissolution, but it was more
pronounced for V than Bi. The dissolved vanadium also formed
solid particles in the proton-exchange membrane with diameters
in the order of hundreds of nm, which coalesced in larger ag-
glomerates of few yum in the region closer to the anodic side. The
CoPi co-catalyst chemically dissolved due to the local acidic pH
imposed by the proton-exchange ionomer.

With anion-exchange MPEAs, the saturation photocurrent den-
sity only reached 0.1 mA cm™2 at 30 °C. It decreased to 0.05 mA
cm 2 at 56 °C. These reductions may be attributed to a less ef-
ficient charge extraction at the photoanode-electrolyte junction
than with proton-exchange ionomer. The photocorrosion reac-
tions caused the dissolution of Bi, V and Mo. The CoPi co-catalyst
was completely dissolved after the first two potential-current den-
sity characteristic curves.

The performance of proton-exchange MPEAs with vapour was
characterized by lower current densities with a reduction of 85%
at 1 Vvs. RHE and 30 °C, likely due to the worse hydration of
the solid ionomer. Operation with vapour resulted in a faster de-
crease in the saturation current density during PEC tests than with
liquid-phase water. The more acidic pH at the interface with the
solid electrolyte possibly led to a faster photocorrosion and disso-
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Fig. 11 (a)-(b) Current density-potential characteristic curves of pristine proton-exchange MPEAs and after different time spans of chronoam-
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lution of the photoanode.

The deposition of solid ionomers onto the semiconductor en-
ables operation of membrane-photoelectrode assemblies with lig-
uid water and humid air at the expense of performance losses.
Photocorrosion penalizes the operation of these devices and addi-
tional research work is required to identify the right combination
of semiconductors and co-catalysts in order to reach the ambi-
tious targets of durability required for the large-scale implemen-
tation of photoelectrochemical water splitting.
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