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Abstract: Solar water oxidation is considered as one of the most
promising methods to utilize solar energy efficiently, and bismuth
vanadate (BiVO,) is a potential photoanode. Catalyst loading on
BiVO, is often used to tackle the limitations of charge recombination
and sluggish kinetics. In this study, amorphous nickel oxide (NiO,) is
loaded on BiVO, by photochemical metal organic deposition method.
The resulting NiO,/Mo:BiVO, photoanodes demonstrates a 2-fold
improvement of photocurrent density of 2.44 mA cm? at 1.23 V vs.
RHE as compared with uncatalyzed samples. After NiOx modification,
both the charge separation and the charge transfer efficiency
significantly increase across the entire potential range. It is further
elucidated by open circuit photovoltage (OCP), time-resolved
microwave conductivity (TRMC) and rapid scan voltammetry (RSV)
measurements that NiOx modification introduces larger band
bending and promotes efficient charge transfer on the surface of
BiVO,. Our work provides insights into designing excellent BiVO,-
catalyst assemblies using a simple surface modification route for
efficient solar water oxidation.

Introduction

Photoelectrochemical (PEC) water splitting using
semiconductors has been considered a promising solution to
overcome the intermittency of solar energy.! As one of the
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promising semiconductor candidates to be used in PEC water
splitting, BiVO4 has a suitable band alignment, where the
valence band is positive enough for water oxidation while its
conduction band is close to the hydrogen evolution potential.l?!
The = 2.4 eV bandgap enables monoclinic BiVO4 to absorb up to
11% of the photon flux in solar spectrum,®l which can
theoretically generate a photocurrent of 7.5 mA cm=2." Similar to
other metal oxide semiconductors (Fe.Os;, WOs;, etc.), the
photoelectrochemical performance of pristine BiVO, is hindered
by poor charge separation® 5 and sluggish charge transfer
kinetics.®® To overcome these, various modification methods,
such as doping,**: 71 catalyst loading,?® & nanostructuring,® 8 °I
forming heterojunctions or composites,® % have been widely
applied.

Madification by loading earth-abundant catalysts, such as
cobalt phosphate (Co-Pi),® % FeOOH,?2 8l and CoOy (CoO,
Co0,03 or C030y),® 811 has been utilized to achieve enhanced
PEC performance and stability on BiVO,. Typically, these
catalysts only affect the surface charge transfer processes,
either via increasing catalytic activity or suppressing surface
recombination, which has been recently shown to greatly limit
the performance of BiVO4.? In contrast, nickel oxide (NiOy)
catalysts may potentially provide further functionality; loading
NiOy onto BiVO, would construct a buried p-n junction, which
can facilitate charge separation within BiVO, photoanode.® 3l
This is in addition to the profound catalytic ability and proper
band alignment,'¥  suppression of surface recombination
through passivation,® and durable protection against
corrosion.*sl However, this expected multifunctionality is still not
convincingly shown, since existing NiOx/BiVO, systems either
normally combine other catalysts to achieve high performance [
16l or utilizes sub-optimal deposition leading to relatively low
performance.[® 13

In the present study, we employed a simple, inexpensive
but effective photochemical metal organic deposition (PMOD)
method to deposit a thin layer of amorphous nickel oxide (NiOy)
on Molybdenum (Mo) gradient-doped BiVOs (Mo:BiVO,). Our
graded Mo:BiVO,4 has been investigated previously to enhance
the diffusion length and charge separation.!”) Here, NiOy
catalyst modified photoanode offers superior performance than
the unmodified one; we show that both bulk and surface
recombination are reduced with the deposition of NiOy as
evident from the higher charge injection and charge transfer
efficiencies. Through open circuit potential measurements, the
enhancement in charge separation was mainly attributed to the
enlarged band bending induced by NiOy layer, which enables
efficient carrier transport. Time-resolved microwave conductivity



(TRMC) measurements first employed in NiOx-BiVO,4 system as
well as rapid scan voltammetry (RSV) measurements also
reveal the additional role of NiOx in aiding efficient charge
transfer at the BiVO,4 surface. Overall, as a result of these
improvements, the AM1.5 photocurrent is enhanced by a factor
of = 2 with the deposition of NiOx on Mo:BiVO, films.

Results and Discussion

Physical characterizations

Figure 1. Side-view schematic illustration of NiOx¥/Mo:BiVO4 sample.

The schematic illustration of the NiOy catalyst on BiVO, is shown
in Figure 1. Fourier transform infra-red (FTIR) spectroscopy was
first employed to confirm the complete removal of organic
ligands from spin coated Ni(ll) 2-ethylhexanoate films, and the
spectra were recorded during different time intervals upon UV
light irradiation. The intensity of absorption at = 1600 cm™ and
from 2800 cm* to 2900 cm™ weakened to almost zero after 16
hours of UV irradiation (shown in Figure S2); these absorption
features can be assigned to the C=0O and C-H vibrational
stretching frequencies of the organic ligands, respectively.4c 18l
The decline of the IR vibration signals associated with the
organic ligands therefore revealed the complete decomposition
of 2-ethylhexanoate precursor. The 20-hour UV light irradiation
was followed by annealing in air at 400 °C for 2 h to transform
the deposited Ni(ll) 2-ethylhexanoate into NiOyx. The
decomposition process can be illustrated in the following
reactions:®9

[CH3(CH2)3CH(C2H5)CO2]2Ni] th) Ni° + CO, + organic

products (1)

nie —2  Nio, @

Amorphous metal oxide film fabricated by PMOD has been
proven to possess higher catalytic activity than crystalline
films,*4cl and contain minimal carbon contamination due to the
complete removal of organic ligands under UV illumination.

The morphology of the photoanode was investigated using
field emission scanning electron microscopy (FESEM), and the
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top-view and cross-section view of the samples are shown in
Figure 2. In the case of uncatalyzed BiVO, sample, it is clear
from the surface morphology (Figure 2a) that it is composed of
interconnected particles, with grain size ranging from = 200-400
nm. This was successfully achieved by introducing PVP in the
precursor as a sacrificial polymer, as reported previously.?° The

Figure 2. FESEM images of a) uncatalyzed Mo:BiVOa surface; b) NiOx-400 °C
BiVO4 surface; c) NiOx-200 °C BiVOs surface; d) NiOx-400 °C BiVOs4, cross-
section view. The false color indicates different layers: green for NiOx, yellow
for BiVOs4, and blue for FTO.

introduction of porosity increases the number of catalytic sites
and light absorption in BiVO4.[* 21 The existence of the NiOy
layer on top of the NiOx-400 °C BiVO4 sample can be clearly
observed in Figure 2b. It is observed that the NiOx film is
cracked presumably during annealing, leading to the formation
of fragments, leaving a small area of BiVO, surface uncovered.
Differently, NiOx-200 °C BiVO, sample has NiOy covered almost
the whole surface (Figure 2c). Based on the cross-section
image (Figure 2d), the thicknesses of the tri-layer Mo:BiVO, and
the NiOy layer of NiO,-400 °C samples are estimated to be = 750
nm and = 150 nm, respectively.

The UV-Vis absorption spectra (Figure S3a) reveal that
the NiOy loading has no significant effect on the absorption
profile of the BiVO, films (minor differences are due to variation
in films’ reflectance after NiO, loading).The band gap of BiVO, is
unaffected with the NiOy loading (indirect band gap 2.3 eV, direct
band gap 2.6 eV for all films, see Figure S3b-d). This band gap
is consistent with a typical band gap of the monoclinic scheelite
phase of BiVO., which is further confirmed by the X-ray
diffraction (XRD) patterns (peaks match JCPDS no. 014-0688,
Figure 3a). The NiOx layers both annealed at 200 °C and
400 °C are amorphous (Figure S4); no additional peak is
observed in the XRD patterns of catalyst loaded Mo:BiVO,4
(Figure 3a), which is in agreement with literature results. [4c 18l

PEC measurements and XPS analysis
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Figure 3. a) XRD patterns of the uncatalyzed and NiOx loaded BiVOa, b) Current density -potential curve of uncatalyzed and NiOx loaded samples under light and
dark conditions. High resolution XPS spectra of (c and d) Ni 2p and (e and f) O 1s of NiOx-200 °C and NiOx-400 °C samples.

Water oxidation performances of uncatalyzed, NiOx-200 °C, and
NiO4x-400 °C BiVO, photoanodes were evaluated in 0.5 M
Na,SO. (pH 6.8) solution, and the linear sweep voltammetry
(LSV) under dark and illuminated conditions is shown in Figure
3b. Under simulated solar illumination (AM 1.5G, 100 mW cm?),
the NiOy loaded photoanodes exhibit remarkable increase of
photocurrent density as compared to the uncatalyzed graded
Mo:BiVO,4. The photocurrent density of the NiO4x-200 °C and
NiO4-400 °C samples at 1.23 V vs. RHE reach 1.9 and 2.44 mA
cm?, respectively. These photocurrents represent a significant =
2-fold improvement as compared to the 1.18 mA cm?
photocurrent of the uncatalyzed BiVO4. The different PEC
performance of NiO,-200 °C and NiOx-400 °C could be
interpreted by the different chemical compositions of each NiOy
layers, as further described below.

The chemical compositions of uncatalyzed and
NiOy/Mo:BiVO, samples were analyzed wusing X-ray
photoelectron Spectroscopy (XPS). All expected elements (Bi, V,
O, Ni and adventitious carbon) are observed, and there is no
evidence for contamination of other species (Figure S5). The
fitted Bi 4f7, and V 2ps, peaks correspond to binding energies at
= 159.08 eV and = 516.70 eV, respectively. The Bi 4f peak at
159.08 eV is characteristic of Bi®* oxidation state while the V 2p
binding energy can be assigned to the oxidation state of V5+.[2%
No Mo peak is observed in the survey spectra as well as in the
high resolution peak since the top layer consists of only undoped
BiVO,4 and the concentration of Mo in our films is at the edge of
the resolution of XPS (see Figure 1). Moreover, in the case of
NiO4-200 °C sample, the Bi and V peaks are highly attenuated

due to the near-complete coverage of NiOyx layer (see from
Figure 2c).

To have a better understanding on the catalytic effect of
the NiOy species, it is essential to identify the oxidation states of
Ni. High resolution XPS Ni 2p spectra of both NiO4-200 °C and
NiOx-400 °C samples are deconvoluted into different
components as shown in Figure 3c and d. In both cases, the Ni
2ps2 peaks are located at = 852 — 868 eV with a main peak and
a satellite peak (= 862 eV).?®! The Ni 2pz, main peak is
deconvoluted to three peaks. The peak appeared at = 857.3 eV
is due to the presence of Ni®* states and the peak at = 855 eV
corresponds to NiO.B> 23241 |n the case of NiO4-400 °C an
additional small peak at = 854 eV is observed, which is also
responsible for the Ni-O bonding in NiO.?% 25 The presence of
NIiOOH has been reported to be caused from the in-situ
transformation of surface NiO.®” The high resolution Ols
spectra (Figure 3e and f) corroborates with this explanation. For
both, we observed oxygen peak due to surface adsorbed H,0 (=
533 eV),?% hydroxyl oxygen from NiOOH (= 532 eV)P?" and
oxygen corresponding to Ni-O bonds (= 529 eV).[> 23 Higher
NiO content is clearly observed in NiO4-400 °C; the ratio of Ni?*
(i.e., NiO) to the total Ni content is calculated to be 84% in the
NiO4-400 °C sample and only 18% in the NiO4-200 °C sample. In
other words, NiOOH is the dominant phase in the NiO4-200 °C
sample and only traces of NiIOOH is found in the NiOx-400 °C
sample (Figure 3c and d). This is also consistent with the
higher surface adsorbed H,O intensity for the NiO,-200 °C
sample, as a self-discharge reaction of the NiIOOH (2NiOOH +
H,0 — 2 Ni(OH), + 1/2 O,) has been reported to occur.?8



The different annealing temperatures therefore clearly
result in two different samples with distinct compositions (NiOOH
and NiO). Although a Ni?*/Ni®* redox system is present in both
cases for facilitating better catalytic water oxidation, the content
of NiO in NiOx-400 °C is much higher than that in NiO4-200 °C
sample. This possibly indicates that NiO has superior catalytic
ability and/or better suppresses surface recombination on our
BiVO, than NiOOH. More detailed identification of this requires
further studies, which is beyond the scope of this paper. Since
the NiOx-400 °C sample has the highest performance, from here
onwards we restrict our discussion to this sample in comparison
to the uncatalyzed sample (graded Mo:BiVO,).

Apart from the photocurrent density increase, a cathodic
shift in the onset potential for water oxidation current is also
observed for the catalyst modified photoanodes (Figure 4a).
The onset potential is cathodically shifted = 70 mV to 0.35 V vs.
RHE for the NiOx-400 °C sample in comparison with the
uncatalyzed one (0.42 V vs. RHE), further supporting the ability
of NiOx to reduce surface recombination.®! The stability of the
uncatalyzed and NiO4-400 °C samples was tested in 0.5 M
Na,SO, under simulated sunlight and applied potential of 1.23 V
vs. RHE. The photocurrent densities of both samples remain
stable up to 1000 s (Figure 4b). Despite some fluctuations
(possibly due to bubbles accumulation), the photocurrent of the
NiOx-400 °C sample recovers to the initial level, showing no
degradation of stability within 9000 s (2.5 h) (Figure S6). In
contrast, the photocurrent of the uncatalyzed sample is
degraded by = 30 % during this time-scale.

Incident photon-to-current conversion efficiencies (IPCE)
measurements were carried out as shown in Figure 4c. The
IPCE of NiO,-400 °C correspond well with its enhanced water
oxidation performance. The IPCE reaches a value of 53 % at
wavelength of 360 nm (at 1.23 V vs. RHE), while that of
uncatalyzed sample is only 20 %. All the samples absorb visible
light up to = 540 nm, consistent with the bandgap of 2.3 eV. The
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2.4 mA cm for NiO-400 °C) by equation 3:
[ A IPCEWEM)M]
J _JA
1240
where Ay and A, define the integration wavelength range,
IPCE(A) is the measured IPCE value as a function of wavelength

A at 1.23 V vs. RHE and E(A) is the solar spectral irradiance at
one specific wavelength A.

(©)

Role of NiOx on BiVO4

To examine the effect of NiOyx on the bulk charge separation and
surface charge transfer of BiVO,, photoelectrochemical
measurements were carried out in Na;SO, electrolyte containing
Na,SO; as hole scavenger (definition and calculation steps
described in the Supporting Information). With hole scavenger,
the photocurrent density of the NiOx-400 °C sample is increased
sharply (a factor of = 2) at potentials below 1.3 V vs. RHE
(Figure S7). A photocurrent of = 4.2 mA cm? is achieved for the
NiO4-400 °C sample at 1.23 V vs. RHE, which is 56 % of the
theoretical photocurrent (7.5 mA cm2) that can be achieved by
BiVO,4. The charge transfer efficiency (nuans) Of this sample is
overall higher than that of uncatalyzed, indicating the ability of
NiOx to suppress recombination on BiVO. surface and/or
enhanced catalytic activity for OER (Figure 4d). Surprisingly,
the charge separation efficiency (nsep) increases considerably
with NiOx deposition, and this increase is even higher at more
positive potentials (Figure 4e). At 1.23 V vs. RHE, nsep of the
NiOx-400 °C sample is more than twice that of the uncatalyzed
sample, which vividly shows improvement in charge separation
due to NiOy loading. This is particularly interesting since NiOy
layer, which is a surface modification layer on the BiVO,, is
typically not expected to affect transport of carriers to the
surface. Our observation therefore clearly shows that NiOx truly

photocurrent density integrated from IPCE spectra matches well ~ has  multi-functionality when deposited on our BiVO4
with PEC measurement values (1.1 mA cm for uncatalyzed film,  photoanodes.
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Figure 4. a) Comparison of onset potential under chopped illumination, showing cathodic shift after catalyst loading. b) Stability test for 1000 s. c¢) IPCE of
uncatalyzed and NiOx-400 °C BiVO4 samples at 1.23V vs. RHE. Calculated d) charge transfer efficiency and e) charge separation efficiency in the potential range
0.5V to 1.3 V vs. RHE. All measurements shown are done under AM 1.5G illumination (100 mW cm) in 0.5 M Na.SOj4 electrolyte (pH 6.8).
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Figure 5. a) Nyquist plots of uncatalyzed and NiOx-400 °C BiVO4 measured in
0.5 M NazS0s at 1.23 V vs. RHE under AML.5 illumination. b) Open circuit
potential measurements in 0.5 M Na2SOg; The light turns on at 100 s and turns
off at 400 s.

The charge transfer efficiency at the electrode/electrolyte
interface was further analyzed by electrochemical impedance
spectroscopy (EIS). Figure 5a shows the Nyquist plot of the
uncatalyzed and NiO4x-400 °C samples under simulated solar
light at 1.23 V vs. RHE in 0.5 M NaySO,. The radius of the
semicircle is clearly decreased upon NiOy loading. This
parameter is typically assigned to the charge transfer resistance
at the electrode/electrolyte interface; lower charge transfer
resistance of the NiO4-400 °C sample is in agreement with the
better charge transfer efficiency observed in Figure 4d due to
catalyst modification.

We now turn our attention to the enhanced separation
efficiency due to NiOx modification. A possible explanation for
this is that NiOx forms a solid-solid junction on the surface of
BiVO,, thereby modifying the band bending (i.e., extend of the
space charge region). An enlarged band banding implies higher
number of holes arriving at the interface, i.e., a higher nsep.[ 13
This is supported by the significantly higher hole scavenger
photocurrent of the NiOx-400 °C sample as compared to the
uncatalyzed sample (Figure S6). In the presence of hole
scavenger, the surface loss mechanisms are typically assumed
to be negligible; enhanced photocurrent therefore indicates more
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efficient hole arrival to the surface. To test this argument further,
we performed open circuit potential (OCP) measurements under
dark and illumination, as a simple method to obtain qualitative
information about the Fermi level and band bending.?® OCP
measurements were conducted in 0.5 M Na,SO, in dark and AM
1.5 G illuminated conditions for uncatalyzed and NiOx-400 °C
photoanodes. The open circuit potential difference between dark
and light voltages directly reflects the extent of band bending in
both samples. The OCP measured before and after illumination
is shown in Figure 5b and it is evident that the NiO,-400 °C
sample has an enlarged AOCP value as compared to the
uncatalyzed sample (= 200 mV vs. = 100 mV). This is very well
in agreement with the explanation above, and further supports
the already observed enhanced separation efficiency.
Interestingly, we note that the difference of AOCP value between
the NiO,-400 °C and the uncatalyzed sample (= 100 mV) is in
very well agreement with the observed cathodic shift in the
photocurrent onset potential (= 70 mV, see Figure 4a),
suggesting that this cathodic shift may be a result of higher
generated photovoltage.3%
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Figure 6. a) Baseline-corrected capacitance vs. potential curves of
uncatalyzed and NiOx-400 °C BiVOs, obtained from rapid scan voltammetry
(RSV) performed at 1 V s? in dark. RSV curves are shown in Figure S9. b)
TRMC signal (fSm) as a function of time for uncatalyzed and NiOx-400 °C
samples. Carrier mobility can be obtained from the peak of the curve, and
carrier lifetime can be obtained by fitting the curve with an exponential decay
function. The solid red lines are the fit for each curve, resulting in a carrier
lifetime value of 29.6 + 1.4 ns for the uncatalyzed sample and 19.2 + 1.0 ns for
the NiOx-400 °C sample.



To further reveal the role of NiOx on our BiVO;, films, we
performed rapid scan voltammetry (RSV) measurements. Here,
the samples were conditioned at a positive potential of 2.1 V vs.
RHE for 2 minutes, and followed by a rapid (1 V s™) negative
sweep of potential. By comparing the current-voltage curves,
with and without conditioning (Figure S9), the surface
capacitance indicating hole accumulation can be determined.
Figure 6a shows that the presence of NiOx on the surface of
BiVO, increases the capacitance by more than one order of
magnitude, i.e., the amount of holes being accumulated on the
surface is significantly increased. This may be caused by
efficient transfer of holes from the BiVO, to the NiOy layer, where
holes can be stored much longer and electron-hole
recombination can thus be avoided. Indeed, NiO has been used
as a hole collector in solar cells.?Y To confirm this, time-resolved
microwave conductivity (TRMC) measurements were performed.
Since carriers in NiOx are immobile, they cannot be detected
with TRMC; TRMC signals therefore only correspond to the
charge carriers in BiVO,4. A more efficient transfer of holes from
BiVO,4 to NiOy would be depicted by decreased carrier mobility
and/or lifetime. Figure 6b shows that the uncatalyzed BiVO,
possess a carrier mobility of 5 x 10 cm? V! s and a carrier
lifetime of 29.6 + 1.4 ns. These values are smaller than the
reported pristine undoped BiVO, film (4 x 1072 cm? V™! s™* and
40 ns, respectively) due to Mo doping in our film.2 Upon NiOy
loading, the carrier mobility slightly decreases to 4 x 10 cm? V!
st and the carrier lifetime is shortened to 19.2 + 1.0 ns. This
supports the role of NiOy in promoting efficient charge transfer
and avoiding electron-hole recombination at the surface of
BiVO,.

Conclusions

In summary, we showed the multifunctional role of amorphous
nickel oxide when deposited as a catalyst on graded Mo doped
BiVO,. The modified photoanode is shown to be stable and
efficient for water oxidation, generating an AM1.5G photocurrent
density of 2.44 mA cm? at 1.23 V vs. RHE, which is a = 2-fold
improvement as compared to the uncatalyzed film. The
improved performance is attributed to both enhanced bulk
charge separation efficiency and more efficient surface charge
transfer upon deposition of the NiOy layer. The enhanced charge
separation is caused by the modification of band bending at the
surface of BiVOs, as supported by the higher hole scavenger
photocurrent and enlarged open circuit potential for the NiOy-
modified BiVO,. The role of NiOx in promaoting efficient charge
transfer is further confirmed with the combination of RSV and
TRMC measurements. Overall, the simplicity of the deposition,
both for the graded Mo:BiVO, film as well as the PMOD of NiOy,
presents an alternative route for a scalable synthesis of high
performing photoelectrode for water oxidation. While shown for
BiVO, here, the insights from our work may be generally applied
to other photoelectrode materials and enable expedited
developments of large scale and low cost solar water splitting
devices.
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Experimental Section
Fabrication of graded Mo:BiVO,4 photoanodes

A simple synthesis strategy is adopted to fabricate bismuth vanadate, as
reported in our previous studies.l*’* 3 The precursor solution was
prepared by mixing bismuth nitrate pentahydrate (Bi(NOs)s 5H20, 98 %,
Sigma Aldrich) and vanadium acetylacetonate (VO(CsH702)2, 98 %,
Sigma Aldrich) in 1:1 ratio (0.3 mmoles each). The solvent is a mixture of
acetic acid (Sigma Aldrich), absolute ethanol and N,N dimethylformamide
(Sigma Aldrich) taken in 1:1.25:1.25 ratio, respectively. 400 mg polyvinyl
pyrrolidone (PVP, MW-130000, Sigma Aldrich) was then added into 3.5
mL of the precursor solution, which was further magnetically stirred at
room temperature for 30 min to form a homogenous viscous solution.
Molybdenum (Mo) doping was further achieved by adding ammonium
molybdate tetrahydrate ((NHa)sMo07024 4H20, 99.98 % trace metal basis,
Sigma Aldrich) into the precursor solution as mentioned above. The
concentration of Mo doping was varied from 0 % to 2 % by adjusting the
amount of ammonium molybdate tetrahydrate and vanadium acetyl
acetonate, resulting a final solution containing 1:1 molar ratio of
Bi/(V+Mo). The graded samples were fabricated by a layer-by-layer spin-
coating method (2000 rpm, 45 s) on a 1 x 2 cm? cleaned FTO glass. All
FTO substrates were sonicated successively in soap water, ethanol,
acetone, deionized water (each step 20 min) and finally dried by nitrogen
flow. The bottom layer consisted of 2 % Mo-doped BiVO4, which was
loaded through spin coating 60 pL precursor (containing 2 % Mo), and
further annealed in air at 500 °C for 2 h with a heating rate 5° min-.
Afterwards the second layer (1 % Mo-doped) was spin coated and
annealed, so was the top layer (pure BiVO4). The sequence of doping
ratio is arranged to form a graded Mo doping.[*®! The prepared gradient
Mo doped BiVO4 (Mo:BiVO4) samples were described as uncatalyzed
BiVO4 samples throughout the discussion. The schematic of the
fabrication procedure is shown in Figure S1.

NiOy catalyst deposition

PMOD method was employed to introduce NiOx film on the as-prepared
BiVOs samples. The method was previously demonstrated to be an
effective technique to produce active transition metal based amorphous
electrocatalyst for water oxidation.[4¢: 18. 341 For this, PMOD precursor
was prepared by dissolving 5 wt % (solution based) of Ni(ll) 2-
ethylhexanoate in hexane. Other concentrations have been explored,
and 5 wt % was found to be an optimum concentration for maximizing
performance. The Ni precursor was then spin coated over the
uncatalyzed Mo:BiVOq thin film. Thereafter, the films were subjected to
UV irradiation (4 = 254 nm, 15 W, Sankyo Denki) for 20 hours. To
investigate the influence of annealing temperature, catalysts loaded
BiVO4 samples were annealed at 200 °C and 400 °C in a muffle furnace.
The catalyst-loaded samples are named according to their Ni
concentration and annealing temperature as follows: NiOx-200 °C
(coated with 5 wt % of Ni(ll) precursor, annealed at 200 °C) and NiOx-
400 °C (5 wt % Ni(ll) precursor, annealed at 400 °C).

Characterization and measurements

The decomposition of organic ligands was studied by Fourier transform
infra-red (FTIR) spectroscopy using Thermo Scientific Nicolet Continum
infra-red microscope, which has single/dual detectors such as MPT/A
and InGaAs for near-IR/mid-IR/far-IR range detection.

The morphology of the photoanodes was studied using a field
emission scanning electron microscopy (FESEM), JEOL-6340F and
JEOL-7600F. The crystal structures of the samples were determined by
X-ray diffraction (XRD) measurements using Shimadzu thin film X-ray



diffractometer with Cu Ka radiation. The surface elemental compositions
of the samples were obtained by X-ray photoelectron spectroscopy
(XPS) on a VG ESCALAB 220I-XL system equipped with a
monochromatic Al Ka (1486.6 eV) source and a concentric hemispherical
energy analyzer. The UV visible absorption studies were carried out
using an UV-Vis—NIR spectrophotometer (PerkinElmer, Lambda 7508S).

Photoelectrochemical (PEC) measurements were carried out using
CHI 660D working station (CH Instruments, Inc.) in combination with a
150 W xenon solar simulator (67005, Newport Corp.) equipped with a
solar filter (KG 3) to achieve the measured light intensity to AM 1.5G (100
mW cm?). A three-electrode configuration was used where the
NiOx/BiVO4 samples served as the anode, a Pt coil (= 3.6 cm?) as the
counter electrode, Ag/AgCI (3 M KCI) as the reference electrode, and 0.5
M NazSOs (pH 6.8) as the electrolyte. The conversion between voltage
vs. Ag/AgCI and reversible hydrogen electrode (RHE) is performed using
the equation below:

E (vs. RHE) = E (vs. Ag/AgCI) + E°agiagei (reference) + 0.0591xpH 4)
where ECagiagci(reference) = 0.21 vs. NHE at 298 K (5)

The effective working electrode surface area is 0.125 cm?
determined by the PEC cell used. Prior to all PEC measurements the
electrolyte was degassed with nitrogen for 15 minutes. The photocurrent
responses of the samples were measured using linear sweep
voltammetry (LSV) under dark and illuminated conditions at a scan rate
of 20 mV sL. Incident photon to current conversion efficiency (IPCE) data
were measured from 350 to 650 nm wavelength at 1.23 V vs. RHE, with
the combination of a xenon light source (MAX-302, Asahi Spectra Co.
Ltd.) and a monochromator (CMS-100, Asahi Spectra Co. Ltd.). The
intensity of the monochromatic light was determined by measuring the
photocurrent of a calibrated Si photodiode (Bentham, DH-Si) using a
source meter (Keithley Instruments Inc., model No. 2400). At each
specific wavelength, the IPCE is calculated using the equation 6.

1240 (V nm) x Photocurrent density (mA cm?)
Incident light power density (mW cm?) x Wavelength (nm)

(6)

IPCE(%) =

To study the charge transfer efficiency of the photoanodes,
electrochemical impedance spectroscopy (EIS) measurements under
illuminated conditions were performed using an automated potentiostat
(Metrohm-Autolab, AUT 83285) in a three-electrode configuration. The
reference and counter electrodes were the same as those used in PEC
measurements. Rapid scan voltammetry measurements were performed
by applying a constant potential of 2.1 V vs. RHE for 2 mins, followed by
a quick potential sweep to 0.6 V vs. RHE with a scan rate of 1 V s,

Time-resolved microwave conductivity (TRMC) measurements
were carried out in a cavity cell using a wavelength tunable 50 Hz
Nd:YAG laser with a 3 ns pulse. The wavelength of excitation used in this
study was 410 nm. A voltage controlled oscillator (Sivers IMA VO3262X)
was applied to generate microwaves in the X-band region (8.4-8.7 GHz).
The dielectric constant of BiVOs was taken as 68.13%1 More detailed
description of the TRMC measurement can be found in previous
reports.[32 361
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