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Abstract

Photoelectrochemical (PEC) reactors based on polymer electrolyte membrane (PEM) electrolyzers
are an attractive alternative to improve scalability compared to conventional monolithic devices.
To introduce narrow band-gap photoabsorbers such as BiVO4 in PEM-PEC system requires cost-
effective and scalable deposition techniques beyond those previously demonstrated on monolithic
FTO-coated glass substrates, followed by the preparation of membrane electrode assemblies.
Herein, we address the significant challenges in coating narrow band-gap metal-oxides on porous
substrates as suitable photoelectrodes for the PEM-PEC configuration. In particular, we
demonstrate the deposition and integration of W-doped BiVO4 on porous conductive substrates by
a simple, cost-effective, and scalable deposition based on the SILAR (successive ionic layer
adsorption and reaction) technique. The resultant W-doped BiVOs photoanode exhibits a
photocurrent density of 2.1 mA-cm, @ 1.23 V vs. RHE; the highest reported so far for the BiVO4
on any porous substrates. Further, we integrated the BiVOs4 on the PEM-PEC reactor to
demonstrate the solar hydrogen production from ambient air with humidity as the only water
source, retaining 1.55 mA-cm™, @ 1.23 V vs. RHE. The concept provides insights into the features
necessary for the successful development of materials suitable for the PEM-PEC tandem
configuration reactors and the gas-phase operation of the reactor, which is a promising approach

for low-cost, large-scale solar hydrogen production.
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Introduction

The intermittent nature of solar energy creates an inherent mismatch between photovoltaic (PV)
energy production and consumption, limiting the degree to which we can depend on it for the
electrical grid.'"> In this regard, chemical storage of this energy through solar-driven
photoelectrochemical (PEC) splitting of water into hydrogen is a viable alternative that has the
potential to realize an affordable and stable power source.*’ Although PEC solar to hydrogen
efficiencies of up 19% have already been achieved,® the conventional monolithic device design
causes high ionic resistance with a rapid drop in current density upon scale-up with a typical device
size of 1 cm?.®? From the perspective of developing compact and fully-integrated PEC reactor
design, the use of a polymer electrolyte membrane (PEM) as inspiration is of great interest due to
its operation at high current density and avoids any internal recombination of hydrogen and
oxygen, allowing safe operation which is an essential issue in electrolysis and photoelectrolysis
systems.!%12 Moreover, the stability of the photoelectrodes in PEM configuration is expected to
be higher since the material are in contact with polymeric membranes and not with corrosive
aqueous electrolytes, and in principle, pure water or water-vapor flowing through the reactor could
be sufficient to drive the reactions.!!!?

In the literature, a few research groups have attempted to employ PEM-PEC reactors for water-
splitting applications.!!"!” In these reports, commercially available metal meshes such as Ti, W
were partially oxidized to form a core-shell structure consisting of an outer photoelectrode (TiOo,
WO3) and an inner core of electron-conducting (Ti, W) substrate. Our group has previously
demonstrated the wide-band gap (TiO2, WO3) based PEM-PEC hydrogen production,'"!> however
the incorporation of narrow-bandgap semiconductor for better light harvesting characteristics are
lacking till date. Further, we demonstrated the surface functionalization of photoanodes to absorb
the humidity from the air to perform the gas-phase water splitting reaction that produces hydrogen
from ambient air. However due to the wide band-gap of TiO», and WO3, the overall efficiency of
the system is limited and hence it is essential to develop systems based on narrow band-gap
semiconductors.

Among various semiconductor materials, bismuth vanadate (BiVO4) has emerged as one of the
most promising photoanode candidates.?’>* because of its outstanding advantages, including a
relatively narrow band-gap (~2.4 eV), suitable band alignment to water redox reactions, and

reasonable stability in an aqueous environment, etc. However, the charge carrier



separation/transfer in BiVOs is believed to be slow due to a small polaron hopping conduction
mechanism resulting in a considerable conduction activation energy and relatively sluggish
electron mobility. 22* Several attempts have been made to overcome this slow electron transport
and improve electron collection by introducing n-type dopants (W®" or Mo®") 20232326 which
substitutes the V>* and increase the n-type carrier density. Further, co-catalysts such as NiOOH,
FeOOH, cobalt phosphate,?®?*?’ have been integrated on the BiVO4 to mitigate the sluggish
charge-carrier dynamics for the oxygen evolution reaction (OER). BiVO4based photoanodes have
been reported with photocurrent densities up to 6.72 mA.cm™, which is about 90% of the maximum
theoretical current density of 7.5 mA.cm™ under AM1.5G illumination (100 mW cm™).%°

Historically, transparent conducting oxides, particularly fluorine-doped tin-oxide (FTO), are

preferred for the deposition of BiVOs photoanodes.?*2!28

However, integrating the
photoelectrodes deposited on monolithic FTO-coated glass substrates is not straightforward in
large-scale electrolyzers due to the absence of charge carrier transportation path across the
substrate and the membrane, causing ionic transfer resistances.?® Hence, further modifications are
vital, and in particular, BiVO4 has to be deposited on the substrates that can be coupled with the
PEM electrolyzer. In simple terms, most of the cost-effective photoelectrodes (including BiVO4
developed so far), use substrates which need further modifications to be able to integrated into a

compact electrolysis system. They would further require a significant research effort to be

integrated into real-world solar fuel systems.

In our previous work, sputter deposited W thin-films on porous Ti-felt was converted into WO3
by anodization technique followed by the BiVOs deposition.?’ Such BiVO4/WO3 porous
photoanodes was used for the visible light driven PEC water-splitting. Further, Amano et.al.,
reported the surface functionalization of various photoanodes with Nafion ionomer for the water-
absorption purpose, to drive the water-vapor fed hydrogen generation.!'*%32 Similar works has
also been reported by other research groups,®® where Nafion ionomer has been used for the water-
absorption purpose to drive the water-splitting reactions. In our previous work we demonstrated
the significant advantages of novel Aquivion ionomer which has better water-absorption
characteristics and stability over Nafion.!! With this demonstration we realize the importance of
combining the narrow-band gap BiVO4 photoanodes with the Aquivion ionomer, to demonstrate

the water-vapor fed hydrogen generation under atmospheric humidity level (<100%).



Here, we developed BiVO4 on porous substrates that can function both in conventional liquid
phase and can also be readily integrated into the compact MEA based PEC-water splitting system.
In particular, we chose Ti-felt as substrate to be both active in charge carrier transport across the
substrate and its natural porosity that allows light transmittance for the complimentary light
absorption by the counter photoelectrode.!! The resultant W doped BiVO4 on Ti-felt porous
substrate developed herein demonstrates excellent PEC performance with a current density of 2.1
mA-cm? @ 1.23 V vs. RHE. Further, we functionalized the BiVO4 photoelectrode by the
impregnation of appropriate ionomers to absorb the moisture from air and demonstrated the water-
vapor fed PEC water splitting. The functionalized W: BiVOs integrated on PEM-PEC reactor
shows excellent gas-phase performance at the relative humidity (RH) of 60 and 100% with a
current density of 1.1 and 1.55 mA.cm, respectively, corresponding to 51 and 70%, respectively,

of the current density obtained from the liquid phase PEC water-splitting.

Rational designing of the photoelectrodes for membrane electrode assembly reactor

The rationale behind the design of photoelectrodes suitable for the membrane electrode
assembly is represented as the schematic illustration (Schematic la and 1b). In a typical
photoelectrode design the light-absorbing material and the co-catalysts are integrated on the top
surface of the substrate whereas the other part of the substrate does not contribute for the charge
carrier transport across the membrane thus limiting the integration of such photoelectrodes into the

PEM-PEC devices as shown in Schematic 1a.
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Schematic 1| Rational design of photoelectrodes Schematics 1: a, Schematic representation on
the conventional approach for photoanode preparation, in which the BiVOy is deposited on top of
monolithic FTO-coated glass substrates, which is not suitable for the integration into a PEM
electrolysis system whereas, b, represents the BiVO4 photoanodes deposited on the porous light
penetrable substrates ideal for the PEM electrolysis. ¢, shows the deposition of BiVO4 on porous
substrates by s-SILAR method and functionalization by Aquivion ionomer, d, shows the 3D view
of fully integrated photoelectrode and the dark-electrode on the PEM-PEC with the charge-transfer
dynamics of the overall water-splitting process.

In contrast, Schematic 1b shows the multi-functional photoelectrode device proposed, in which
the light-harvesting component and the co-catalysts are integrated on the top surface of the
substrate, whereas the porous nature of the substrate allows the charge-transfer (proton) across the

membrane enabling integration into PEM-PEC devices.



Development of BiVO4 on PEM-PEC suitable substrates by s-SILAR:

In literature, BiVOs thin films have been deposited by various methods including

20,34 37,38

electrochemical deposition, spin-coating,®> reactive sputtering,*® dip-coating, and
hydrothermal methods.*® Out of these, electrochemical deposition of BiVO4 on FTO-coated glass
substrate has been the most successful with the highest current density and stability reported so
far.2%3* However, the electrochemical deposition method is sensitive to the electrolyte purity,
environment, and applied bias. While studies of such high-performance composite photoanodes
are undoubtedly important and demonstrate the potential of BiVO4 for use in practical solar water

splitting cells, investigation of simpler and cheaper deposition methods is also warranted.

Herein we employ cost effective, scalable and ease of use technique known as successive ionic
layer adsorption and reaction (SILAR) which is the modified form of simple dip-coating for the
preparation of BiVOys thin film.3”® In particular, we use a simplified-SILAR (s-SILAR) method
in which there are rinse steps (which are typical used in SILAR procedures) in the process of film
preparation as shown in Schematic 1c. We replaced the conventional FTO-coated glass substrate
with a porous conductive Ti-felt substrate to enable the photoanode for the direct integration on
the PEM-PEC reactor. For comparison, we have also deposited BiVO4 on FTO-coated glass and
W-mesh to demonstrate the suitability of the s-SILAR deposition techniques over various
substrates. The exact preparation method of BiVO4 by the s-SILAR technique is provided in the
Experimental section. As noted earlier, for BiVOy its low electron conductivity is a critical factor

limiting the charge transpor‘[,23’24

and so doping has widely been used to improve the performance.
WS and Mo®" dopants have been shown to enhance the electron conductivity and the electron
density.??">* Here we use W¢" as a dopant due to its enhanced performance and stability in liquid
electrolytes.?**2%3%40 We have carried out the s-SILAR deposition of BiVO4 with varying W
dopant (0-5%) concentration. The optimum doping level of W in BiVO4 (to achieve the highest
photocurrent density) is 3%, which matches well with the reported results (~2-3% of W loaded
BiVO4).? Further the ideal deposition conditions in terms of s-SILAR dipping cycles was found

to be 10 cycles. All the optimization process and the results with various doping levels and

deposition cycles are provided in the supplementary information (Supplementary Figure S1).



Results and Discussion

First, the BiVO4 photoanodes were characterized by the photocurrent density-potential (J—V)
to find the optimum dopant (W) loading levels. The results reveal that 3% W doped BiVO4
(W:BiVO4) shows the highest current density (discussed in PEC section), which agrees well with
the previous reports. 2* In the main text of the manuscript, we provide the characterization and
discussion based on the optimum (3%) W:BiVO4 and undoped BiVO4. The morphology of as-
prepared photoanodes is characterized by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Figure 1a-c shows the SEM images of s-SILAR deposited W:BiVO4
on the Ti-felt substrate. All the images reveal a worm-like structure with a diameter in the range
of 50-100 nm (inset of Figure 1 c¢) and are uniformly distributed over the substrate. Varying the
dopant concentrations of W from 0 - 5% results in similar morphologies with no visible changes
on the structure, size and distribution over the substrate. To confirm the existence of element W in
the W:Bi1VOq4 film, EDX mapping on the top of the film was done, as shown in Figure 1d-f, which
demonstrates that the Bi, V, and W elements are uniformly distributed throughout the sample.
Figure 1g shows the TEM image of W:BiV Oy particles, and figure 1h shows the selected area
electron diffraction (SAED) pattern from the cluster of particles. The SAED pattern shows
multiple angle diffractions from the various surface of the particles with dominant diffractions
from (002), and (200), as expected from the BiVO4.*! Figure 1h shows the high-resolution TEM
image, and figure 1f shows the lattice resolved image of a single particle. The distance measured
between two adjacent lattices from the high-resolution image has a lattice spacing of 0.36 nm

which corresponds to the (200) plane of BiVO4.*?
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Figure 1|Electron microscopy characterization of BiVOa. a, b, and ¢, show the SEM images of
3% W:BiVOy4 deposited on the Ti-felt. d, shows the part of the SEM image used for energy-
dispersive x-ray spectroscopy (EDX) mapping. e, and f, shows the EDX mapping, and spectrum
of W:BiV Oy, respectively. g, shows the TEM image. h, shows the selected area electron diffraction
(SAED) pattern from the cluster of BiVOy particles, and i, shows the lattice resolved image of
single BiVO4 particle.



Further, the crystal structure of the films was determined by X-ray diffraction (XRD). XRD
reveals (Figure 2a) that all the films are pure monoclinic scheelite phase, which is the most
photochemically active phase of BiVO4.** The peaks were obtained at 20 = 19.05, 28.90, 30.85,
34.90 degrees, corresponding to (110), (121), (040), (200), and (020), respectively. The diffraction
pattern matches well with JCPDS card no. 14-0688, confirming formation of the monoclinic phase
of BiVOas. Further, the dominant peak (200) planes match well with the SAED and lattice resolved
HRTEM image. We did not observe any shifts on the diffraction peaks for different loadings of W
(Supplementary Figure S2), which is in consistent with prior reports.>**} X-ray photoelectron
spectroscopy (XPS) was used to investigate the surface electronic properties and chemical states
of BiVOs4. As shown in Figure 2b, XPS survey spectra (Shirley background corrected) reveals the
presence of Bi, V, O, W, and C elements on the surface of the BiVO4 film (Figure 2b).2>¥4
Further, the high-resolution XPS spectra for the core-level of Bi 4f, V2p, O1s and W4f for undoped
and W:BiVO4 was recorded (Figure 2¢). Lorentzian deconvolution were used for data fitting and
the two peaks at the binding energy levels of 158.7 and 164.0 eV corresponds to the Bi 4f7, and
Bi 4fs> of Bi 4f levels.* The peak positions are at much higher level than that of metallic Bi, i.e.
156.8 and 162.2eV, which indicates the presence of Bi +3 state at the surface of the film.
Meanwhile, the peaks at 516.4 eV and 524.0eV, corresponds to the V 2p32 and V 2pis, respectively,
with the split energy of 7.6eV, occurring at the natural features of V at +5 oxidation state (Figure
2d).**47 The deconvolution applied to the O 1s spectrum (Figure 2e) shows the occurrence of
oxygen species in various forms. The peak at ~530 eV is ascribed to the Ols levels due to the
oxygen in the lattice structure,*® whereas the peaks at ~532 eV can be attributed to the non-lattice
and chemisorbed oxygen or dissociated oxygen from water molecules, which might enhance the
photo-electrocatalysis.***-%0 Finally, the presence of W dopant in BiVOj lattice is established by
the presence two peaks at 35.6 and 37.7 eV levels for W:BiVO4 which corresponds to the W 4fs)
and W 4f7,2, whereas the undoped BiVO4 shows no such peaks (Figure 2f).>
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Figure 2| Materials characterization. a, X-ray diffraction of bare Ti-felt, BiVO4 and 3% W-
BiVO4 — the dashed lines represent the BiVO4 (121) and (040) planes. X-ray photoelectron
spectroscopy (XPS) of undoped and 3% W: BiVO4 on Ti-felt. b, survey spectrum, ¢, Bi 4f, d, V2p,
e, Ols, and f, W 4f.

Conventional photoelectrochemical measurements

The photocurrent density-potential (J—V) curves of BiVO4 photoanodes deposited on various
substrates were obtained by chopped linear sweep voltammetry (LSVs) measurements. For all the
presented results the samples were illuminated with AM1.5G (100 mW cm™2) light, and all the
measurements were carried out in 0.1 M sodium sulfate solution with pH~6.0. The photocurrent
densities were scanned over an appropriate potential window for undoped and W:BiVOs

photoanodes on Ti-felt substrates and the results are shown in Figure 3a.
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Undoped BiVO4 shows a photocurrent density of 0.5 mA-cm™ at 1.23 V versus RHE; for
reference, its theoretical photocurrent of 7.5 mA cm™ can be derived from its light absorption
curve. With the successful doping of different concentrations, the current density increases first

and then decreases as the percentage of W is increased (Supplementary Figure S1).
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Figure 3| Photoelectrochemical water-splitting characteristics in conventional liquid phase.
a, LSV curves, b, Applied bias to photon conversion efficiency, ¢, Incident photon-to-current
conversion efficiency (IPCE measured at a bias of 1.23 V vs RHE, and d, Chronoamperometric
analysis on the long-term stability of undoped and W: BiVOs. All the results were measured under
a three-electrode system in 0.1 M sodium sulfate solution, pH = 6.0 as the electrolyte under one

sun illumination.

12



As expected, the intermediate W doping (3% of W) leads to the highest photocurrent of 2.1
mA-cm at 1.23 V versus RHE, alongside with a ~50 mV cathodic shift in the onset potential.?
As the dark currents are not increased compared with the dark currents obtained in undoped BiVOg,
it is safe to conclude that the enhanced photocurrents in the composite photoanodes mainly
originate from the improved photoconversion efficiency. The performance of the photoanode can
be further enhanced by integrating the suitable co-catalysts,? however we refrain from such
addition as most of the known co-catalysts are unstable in acidic conditions that exists in PEM
configuration. Further development and integration of acid stable OER electrocatalyst suitable for
BiVOs4 could be used to enhance the photocurrent density and onset potential of the photoanode.
Here we employed 0.1 M sodium sulfate solution as the electrolyte in order to compare the results
directly with the reported literature (Table S1). The current densities reported herein are the highest
for BiVO4 on any alternative MEA suitable substrates. We also deposited W:BiVO4 on FTO-
coated glass substrate, and porous W-mesh substrate for comparison and demonstration purpose.
The structural and PEC characterizations of BiVO4 deposited on alternative substrates has been
carried out and the results are provided in the supplementary information (Figure S2-S6). BiVO4
deposited on alternative substrates reveal the excellent PEC and structural characteristics,
suggesting that the s-SILAR method is simple, cost-effective and extendable to any alternative
large area substrates and can be easily adopted to industrial production.

The efficiency of the undoped and W:BiVO4 photoanode were further assessed through the
applied bias photon-to-current efficiency (ABPE). The ABPE of the photoanodes are calculated
from the LSV curves measured (two-electrode with Pt as a counter electrode (CE), assuming 100%
Faradic efficiency, as shown in Figure 3b. At an applied potential of about 0.9 V vs. CE, a
maximum ABPE of 0.27% has been achieved for W:BiVOs. Moreover, the high efficiency
achieved at a potential as low as 0.95 V vs. CE indicates its promise as a photoanode in a tandem
configuration and it should be noted that with the integration of cocatalysts the ABPE value can
be enhanced significantly.’! To further elucidate the spectral response of BiVOs photoelectrode
on the PEC performance, we measured the half-cell solar to hydrogen (IPCE) spectra with a

three-electrode measurement (Figure 3c). The IPCE value is defined as following equation 1:°!

1024xJy(mA/cm?)

IPCE = A(nm)XPpp (MW /cm?2)

x 100% (1)

in which A is the wavelength of the illuminating monochromatic photons, and P, is the power
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of the incident photons. The IPCE value of W:BiVO4 reaches about ~20.8% at 420 nm - that is
~1.3 times higher than that of undoped BiVO4 photoanode (~15.2%).

The PEC stability of undoped and W:BiVO4 photoanode was measured by chronoamperometry
(CA) J,—t curve at 1.23 V vs. RHE for two hours, and the results are shown in Figure 3d. It can
be seen that the photocurrent density of W:BiVO4 photoanodes initially reduces and increases to
stabilize around ~ 2.1 mA.cm™, matching well with the LSV curve. The behavior of the W-doped
samples in the initial period of time can be attributed to the photocharging of BiVOy4 as reported
earlier.’?> However further experimental evidences are necessary to conclude the role of dopants
and how it affects such photo charging. The degradation of undoped BiVO4 has been well-studied

20-24 along with co-catalyst integration and surface protection strategies to enhance

in the literature,
the stability. Additionally however, doping itself, has not only been shown to enhance the
performance but also the stability and indeed, the enhanced stability of doped BiVO4 photoanodes
compared to the undoped BiVO4 has been previously reported.’® Overall, the W:BiVOs on Ti-felt

demonstrates excellent performance, including the onset potential, current density, and stability.

Photoelectrode integration into the membrane-electrode-assembly setup

Most of the published laboratory scale PEC studies for metal-oxide photoanodes including
BiVOs4 have been measured with the conventional liquid electrolyte based 3-electrode
measurements in a beaker or in an H-cell configuration.>* Though such analyses are simple,
effective and attractive in laboratory scale, development of a large-scale and commercially viable
PEC system requires an alternative approach. Feasible gas separation approaches such as
membrane integration must be developed, as demonstrated in commercial alkaline or PEM
electrolyzers.”>’

In particular PEM-based PEC is more attractive as the system can operate with relatively high
current density, near-neutral electrolytic conditions, and also operate with water-vapor from the
humidity in the ambient air. With all such considerations, here we interfaced the BiVO4
photoelectrode deposited on a porous substrate in a membrane-electrode assembly setup, with
Aquivion® membrane (150 pm thick, E98-15S, Sigma-Aldrich) and commercial Pt/C as the
counter electrode. It should be noted that the Pt-group counter electrodes can well be replaced with

56,58

cost-effective electrocatalysts, which are commercially available and here we use Pt-group

materials for the purpose of representation and simplicity. Only limited studies were reported in
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employing the solar-driven water splitting with a PEM reactor design and, in particular, for gas-
phase water splitting. As a result, there is no standard for evaluating the PEC properties under gas-
phase operation. Hence, in our previous report, we established an experimental protocol for

benchmarking the activity of the photoelectrodes.!!

PEC characteristics of fully integrated reactor and hydrogen from humid air

To achieve water-vapor fed operation of PEM-PEC is attractive (Figure 4a), functionalization
of the photoanode is required to capture the water vapor from the humidified air. Our group has
already demonstrated the surface functionalization of photoanodes and in-depth analysis on the
photoanode characteristics by the deposition of different ionomers (Nafion and Aquivion) to
absorb the moisture.!! Based on our previous studies, we employed an Aquivion based ionomer
here as it possesses i. better light-transparency in the visible region, ii. higher absorbance of water-
vapor, and iii. better PEC stability of the photoanode. Schematic and SEM images of the cross-
sectional view of all the layers involved in the PEM-PEC arrangements are shown in Figure S8.
More details of the impregnation of Aquivion ionomer on the photoanode and the gas phase

operation are given in the Experimental section.
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Figure 4| Fully-integrated zero-gap photoelectrode for the air to hydrogen. a, PEM-PEC
experimental configuration used for evaluating the photoanodes with a standard hydrogen
reference electrode with the capability to operate under a humidified air with varying humidity
levels (left). Conventional PEC reactor on the right. b, LSV curves of functionalized (3 mg-cm™
Aquivion loaded) W:BiVOs4 under chopped light illumination at various RH and e,
Chronoamperometric analysis on the long-term stability of functionalized W:BiVO4 measured at
1.23 V vs. RHE. d, Hz and Oz evolution detected from functionalized W:BiVO4 by MS and the
calculated amounts of H» (black dash line) and O (red dash line) under RH 100%.

Figure 4b shows LSVs obtained under various relative humidity levels of functionalized
W:BiVOy4 deposited on Ti-felt. As shown in Figure 4b, with 0% RH (dry air), no photocurrent
density is visible due to the absence of any water (proton) and so there is a failure of contacts
within the MEAs. However, with the humidified air, the photoanodes exhibit photocurrent which
is enhanced at higher RH. The maximum photocurrent is obtained with 100% RH at which the
current density reaches 1.55 mA.cm? at 1.23 V vs. RHE, which is ~70% of the current density
obtained for the same electrode under conventional liquid-based PEC reactor (also shown in the
same figure for comparison purpose). The non-zero dark current particularly in the water-vapor
fed PEM-PEC reaction can be attributed to the ineffective diode characteristic of the Aquivion
ionomer/BiVO4 anode/PEM interface or reductive characteristics of Aquivion ionomer that leads
to significant current leakage.>*%° However, the dark current of the PEC reaction measured in the
electrolyte solution is minimal (~25 pA.cm™) at 1.23 V. The results herein demonstrate that the
Aquivion functionalized W:BiVO4 photoanode developed herein has the potential to produce
hydrogen from the water-vapor available in the open air by PEC water-splitting. Comparison of
the BiVO4-based photoanodes for PEM-PEC water-vapor fed electrolysis reaction is shown in
Table S2.

Further, the stability of the photoanodes in the PEM-PEC configuration under the electrolyte
and with RH of 100% were carried out and the results are shown in Figure 4c. The results
demonstrate that the photoanodes are stable over the period of 2 hours acidic conditions (Ionomers
are acidic in nature). Recently Amano et.al., reported that BiVO4 photoanodes are more stable in
acidic conditions than the neutral conditions (pH7).°! In order to confirm that the obtained

photocurrent is produced due to the water splitting process, it is important to determine the amount
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of evolved H> and O; gases. The home-made PEM-PEC reactor built in our laboratory is airtight
and acts as a perfect reactor for gas evolution analysis. The PEM-PEC cell was directly connected
to the quadrupole mass spectrometer for continuous measurements of gases. As a result, we could
simultaneously measure both the photocurrent and the concentration of the evolved Hz /O> gases
with minimal error. Figures 4d shows the evolution of the hydrogen and oxygen gases and the
simultaneously recorded photocurrent over time under the RH 100%. The experiment was
conducted at 1.23 Vs. RHE under AM1.5 simulated solar light. The Jp-t curve was recorded during
the gas evolution time to calculate the theoretical gas production rates. The produced H» and
O, measured under electrolyte are 30.8 pmol cm 2 and 14.2 pmol cm 2 after 60 min, respectively,
corresponding to the stoichiometric ratio of ~2:1 for water splitting. Calculated gas evolution
curves from the recorded photocurrent match well with the experimentally detected gas evolution.
The photoanode reached ~80% of the faradaic efficiency within the first 15 min and later saturated
at 85%, which is a typical value for the BiVO4 based photoanodes.>® The results show that
photocurrent densities measured under the highest relative humidity (RH — 100%) achieve <70%
of the current density measured in liquid electrolyte. In addition to H> and O: no other gases
including CO» has been detected during the stability of the BiVO4 photoanodes, which shows that
the BiVOs4 functionalized with Aquivion is stable in the given range of potentials and time. In
literature, co-catalysts such as NiIOOH, FeOOH, cobalt phosphate were integrated to BiVO4 to
achieve the best photooxidation performance, however such co-catalysts are generally unstable in
acidic conditions.?**2?7 It should be noted that the PEM-PEC configuration is acidic in nature due
to the direct proton pumping and hence the co-catalyst may not be stable under these conditions.
Developing and integrating the acid-stable co-catalysts and improving the water absorption
characteristics of ionomers and additives will be a critical future work to bring the performance

matching the liquid phase PEC reaction.

Conclusions

Herein we demonstrate the continuous production of green hydrogen by PEC splitting of water
vapor in the gas phase. To achieve this, we prepared a BiVO4 photoanode on various porous
substrates in the form of a gas-diffusion electrode which allows the integration of a highly efficient
photoanode in the PEM electrolysis reactor. The resultant optimum W:BiVO4 on Ti-felt substrate
exhibited the highest photocurrent density (2.1 mA-cm™) and stability for BiVO4 on any alternative
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substrates and further improvements are expected with the integration of appropriate co-catalysts.
Further, we functionalized the BiVO4 with Aquivion ionomer to adsorb the water molecules from
humid air that achieved 70% (1.55 mA.cm™) of the PEC performance in liquid operation at 1.23
V. The design demonstrated herein can be further integrated into the dual photoelectrodes tandem
PEC-system in to utilize a larger percentage of the solar spectrum to drive unassisted water-
splitting. Such a tandem cell can demonstrate the full potential of PEM-PEC as a low-cost, large-
scale and renewable alternative to steam reformed hydrogen, with a large geographical

applicability — no need for liquid water supply.

18



Experimental Methods

Photoelectrode Preparation: Ti-felt purchased from Bekaert (0.4 mm felt thickness, 20 pm wire
thickness, 80% porosity), was cut into 1.5x5 cm? and cleaned before the s-SILAR deposition. The
cleaning procedure included the ultrasonic cleaning of acetone, ethanol and Millipore water. The
s-SILAR deposition process is given below: Bi-precursor containing 200 mL of 0.025 M Bi(NO3)3,
and V-precursor with 200 mL of 0.025 M NH4V O3 were used as immersion bath for the s-SILAR
deposition as shown in Schematic 1 and Supplementary Figure S7. The Millipore water (>17Q)
was used as the solvent for V-precursor, whereas the mixture of acetic acid and water (1: 19) was
employed as the solvent for Bi-precursor. The W doped BiVO4 films were fabricated by adding
ammonium metatungstate ((NH4)sH2W12040-xH20) to replace the equivalent weight of VO
(acac),. For the fabrication of W doped BiVO4 photoanode (1 % W-BiVOs4), molar ratio of W/V
was 1%. After ammonium metatungstate was dissolved thoroughly in VO (acac); solution, the
same s-SILAR deposition process as BiVO4 was conducted. As for the W:BiVO4 photoanodes
with different W content (c/c of 3% and 5%), corresponding amount of ammonium metatungstate
was added. One cycle of s-SILAR deposition includes immersion of desired substrates into the Bi
precursor bath for 30 seconds, followed by the drying of 30 seconds. Subsequently the substrates
are immersed into the V bath for another 30 seconds, and the drying of 30 seconds. This process
is defined as one s-SILAR cycle. The whole s-SILAR setup is maintained under flowing N> during
the deposition process. The optimization process has been carried out by varying the SILAR cycles
from 5-20 cycles and the best performing photoelectrode was obtained at 10 cycles. All the results
discussed herein use 10 SILAR cycles. After all cycles were completed, the film was rinsed with
Millipore water and dried gently with flowing N». Then, the samples were annealed in air at 550°C
for two hours with a heating rate of 2.5 C min™! to form uniform BiVOj thin films. Finally, the
samples were immersed in 1M KOH for 20 minutes to remove the unreacted and excess vanadium.
The deposition area is uniformly maintained ~2 c¢cm? for all the samples. Indeed, during the
annealing process at 550°C in ambient condition we noted,!'’ that Ti and W forms their
corresponding oxide structures. Due to the surface oxidation process, there are possibilities of type

I heterojunction formation between the substrate and BiVOa.

Materials Characterization: The microscopic investigations were carried out with the field
emission — SEM (Nova Nano SEM NPE218) and high-resolution TEM (Tecnai G2) to understand
the surface morphology of the samples. The XRD analysis (Bruker D8) were carried out to analyze
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the structure and crystallinity of samples. The surface chemical compositions and states of the
samples were analyzed with the XPS (Physical Electrons Quantum 2000 Scanning Esca
Microprob, Al Ka radiation).

Photoelectrode Functionalization: The photoanodes were functionalized by spray deposition of
Aquivion ionomers as reported in our previous studies.!! In simple terms, 1 mL of Aquivion
dissolved in 20 mL of ethanol was used as the precursor for the spray deposition and the samples
were maintained at 60°C. The Aquivion ionomers were uniformly depoisted over the photoanode
surface with the gravity feed spray coater with 5 horizontal and 5 vertical lines of spray per cycle

with the total of 10 cycles.

Conventional liquid-phase PEC measurements: A simple beaker-based three-electrode
configuration with a Pt wire counter electrode and Ag/AgCl (3M KCI saturated) reference
electrode was used for the PEC evaluation in an aqueous electrolyte of 0.1 M sodium sulfate (pH
6.0). The potentiostatic operation was carried out with an electrochemical work station from Ivium
(Vertex).The electrode potential versus Ag/AgCl (Eagagct) Was converted to the potential versus
RHE (Erug) by using the following (Nernst) Equation 2.
Egug = Eagjager +(0.059 pH + 0.195) V (2)
The PEC performance was measured under an AM 1.5 class A solar simulator (ABET
instruments) using a 100 W Xe-arc lamp and calibrated to the illumination intensity of 100

mW-cm 2.

PEM-PEC reactor measurements: The gas-phase PEM-PEC measurement were carried out with
the similar method as reported in our previous studies.'! The Pt (0.5 mg-cm™2) on carbon cloth
purchased from FuelCells store were used as the cathode and as the reference electrode for gas-
phase operation experiments. A thermostat controlled water-saturator was employed to flow (50
mL-min~!) the water vapor into the reactor. In order to prevent any water condensation, all the
external gas connection lines were heated to 90 °C . The system was held for 30 minutes under
water-vapor stream before every measurement to maintain the equilibration of the ionomer in the

given RH conditions.
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Supporting Information:

ABPE & IPCE calculations, photocurrent densities of BiVO4 for various SILAR deposition cycles,
XRD patterns of BiVOy4 for various W-doping levels, SEM images of BiVO4 with various SILAR
cycles, TEM and EDX of BiVOg4, schematic and cross-section SEM image of membrane electrode

assembly of photoelectrodes, and table comparing various BiVOg literature.
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