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Abstract

Photoelectrochemical (PEC) water splitting is typically studied at room temperature. In this work,
the temperature effect on PEC water splitting is studied using crystalline BiVOas thin film
photoanode as a model system. Systematic temperature-dependent electrochemical study
demonstrates that the PEC activity is boosted at elevated electrolyte temperatures and indicates
that thermal energy plays a main role in improving charge carrier transport in the bulk of BiVOa.
Irreversible surface reconstruction is observed after PEC reactions at elevated temperature in the
presence of hole scavengers, with regularly spaced stripes emerging on BiVO4 grains. The surface-
reconstructed photoanode exhibits up to 40% improvement in photocurrent densities and ~0.25 V
shift of photocurrent onset to favorable direction. Detailed investigation shows the formation of

amorphous layer without stoichiometric change at the reconstructed surface. This work provides



insights of temperature effect on photoelectrode in solar water splitting and reveals the non-
negligible effect of hole scavengers in photoelectrochemical measurement.
KEYWORDS: photoelectrochemical water splitting, BiVO4 photoanode, temperature effect,

surface reconstruction, hole scavenger



Introduction

Efficient and economical conversion from solar energy to storable and sustainable chemical energy
by artificial photosynthesis within a photoelectrochemical cell provides a viable approach to
addressing the issue of increasing global energy demand and greenhouse gas emission.t?
Semiconductor materials have been considered as the most ideal option to use as the
photoelectrodes for such systems, owing to their unique capability to efficiently capture incident
solar light by exciting electron across the intrinsic bandgap to generate separable free charge
carriers that can subsequently participate in the redox reaction.*®* Among various kinds of
semiconductor materials that are suitable to be photoelectrodes, metal oxides are most actively and
intensively studied for various superior advantages, such as low cost, favorable band edge position,
and decent (photo)chemical stability in electrolytes.”” 8 In most studies that involved
semiconducting metal oxide photoelectrodes, operating conditions of the photoelectrochemical
cells were typically set at ambient room temperature.® However, in practical application of
photoelectrochemical (PEC) cell, the operating temperature may be driven far away from room
temperature due to seasonal, geographical, and daylight variations.® Given that many key
properties of metal oxides, such as electrical conductivity, are temperature-dependent and they
govern PEC processes, one may expect considerable temperature dependence on their PEC
activity.!* In particular, charge transport in certain metal oxides, such as bismuth vanadate and
hematite, is dominated by small polaron hopping, which is thermally activated and introduces very
significant temperature dependence.?1” However, few studies to date have been conducted on the
behavior of metal oxide photoelectrodes or photocatalysts during operations at elevated

temperatures.’®?! Therefore, it is crucial to understand the temperature effect on the PEC



properties of metal oxide photoelectrodes, in order to optimize their performance in solar energy
conversion.

To gain better understanding of the temperature effect on artificial photosynthesis during and after
operation, the model system of study must satisfy at least two requirements. First, the material
should be photoelectrochemically active. Second, it must be robust enough to sustain PEC activity
during and after elevated-temperature treatment. Bismuth vanadate (BiVOs) is a suitable candidate
to fulfill these requirements for its considerably high photoelectrochemical activity in solar energy
conversion process, especially water splitting.?22* Despite the advantages and merits, bismuth
vanadate is yet to achieve its full potential for solar energy harvesting, due to significant carrier
recombination that originates from slow electron transport, short hole diffusion and sluggish
surface kinetics.?> Numerous efforts have been made to address these limitations for BiVO,
photoanodes.?®** Among these efforts, surface engineering techniques, including morphology
controlP>%", facet selection,?® 4! and surface composition tuning,*? are widely recognized as a
viable and promising approach to enhance the performance of bismuth vanadate in PEC water
splitting. However, little understanding has been obtained for the impact of elevated operating
temperature on the surface of bismuth vanadate.

Herein, we perform an in-depth investigation of the effect of elevated operating temperature on
the photoelectrochemical activity of bismuth vanadate and demonstrate that elevated temperature
indeed enhances its photoelectrochemical performance. Systematic photoelectrochemical studies
reveal that the thermal energy primarily affects charge transport in bulk rather than charge transfer
at surface. Furthermore, the photoelectrochemical treatment at elevated temperature with hole
scavenger present yields irreversible surface reconstruction in BiVOs, including the formation of

ordered stripe-like structures, which leads to significantly improved PEC performance for sulfite



oxidation with 40% higher photocurrent and ~0.25 V cathodic shift of photocurrent onset
compared to as-prepared BiVOs. Detailed investigation of the surface reconstruction demonstrates
that an amorphous BiVOs layer is formed after thermal-photoelectrochemical treatment with
sulfite. This study not only more comprehensively elucidates the effect of elevated operating
temperature on BiVO4 photoanode, but also provides new insights of understanding the role of
hole scavenger which is generally used in the photoelectrochemical study of metal oxide

photoelectrode.

Results and Discussions

BiVOs (BVO) photoelectrodes are prepared following the methodology established in our
previous studies, in which crystalline BVO thin films are grown by pulsed laser deposition (PLD)
over single crystalline yttrium-stabilized zirconia (YSZ) substrates in (100) orientation (Figure
1a).3% 43 Underneath the BVO layer, a thin buffer layer of single crystalline indium tin oxide (ITO)
is deposited by PLD as a conductive contact.3* *® Thin film X-ray diffraction (XRD) reveals that
monoclinic scheelite BVO (JCPDS no. 14-0688, space group 12/a) is epitaxially grown on (100)-
oriented Y SZ substrate, with only diffractions from (00I) lattice planes observed for BVO (Figure
1b). The high degree of BVO epitaxial growth is enforced by the close lattice match for
[100]&vo||[200]iTol|[100]ysz.** ** Scanning electron microscopy (SEM, Figure Sla) and atomic
force microscopy (AFM, Figure S1b) show that the surface morphology of BVO film is composed
of smooth, irregular grains. X-ray photoemission spectra (XPS) of Bi 4f and V 2p core levels
determine that the constituent metal elements, Bi and V, are respectively in the oxidation state of

+3 and +5, confirming the purity of the BVO thin film (Figure 1c).



In general, we find that the BVO thin film photoanodes become more active for PEC water
splitting at higher temperatures. The temperature dependent PEC activities are evaluated by
measuring the correlation between photocurrent density (Jpn) and electrode potential (E), i.e., the
polarization curves, at a series of electrolyte temperatures. The measurements are conducted under
simulated AM 1.5G solar radiation, in a customized PEC cell equipped with a closed-loop
temperature controller. Due to the mediocre electron mobility of BVO*, the simulated solar
radiation is typically illuminated from the backside of the photoanode, i.e., the side away from the
aqueous interface, unless otherwise noted. The electrolyte is a 0.5 M phosphate buffer solution at
pH 7 (PB7), in which sodium sulfite may be added as a hole scavenger (PB7-sulfite) to enable
quantitative interfacial charge transfer at the BVO photoanode.*> ¢ As shown in Figure 2a, the
photocurrent density of sulfite oxidation increases significantly upon heating. From room
temperature (23 °C) to 40 °C, the photocurrent density at the thermodynamic potential for oxygen

evolving (E¢,n,0(298 K) = 1.23 Vrue; RHE = Reversible Hydrogen Electrode) is improved from

2.50 mA/cm? to 3.42 mA/cm?, by 37%. Meanwhile, the dark current only increases by 0.03
mA/cm? at the same potential (Figure S2). Due to slow water oxidation kinetics at BVO surface,
lower photocurrent densities are measured for water oxidation, i.e., in a PB7 electrolyte without
hole scavengers (Figure 2b). Despite the lower activities, the water oxidation photocurrents are
improved toward high temperature as well. We note that the standard electrode potential (E°) of
all redox pairs are inherently temperature dependent. All potentials involved in this study are
calibrated in referencing to RHE at the measurement temperature, according to Equation 4 in the
Experimental Section. Nevertheless, given the very small temperature coefficient (dE®agciag/dT =
-0.13 mV/K; dE®m20/dT = -0.8456 mV/K) and mild increment of temperature (23 °C to 40 °C),

the overall effect is rather negligible.*”*° It is worth mentioning that the improvement of PEC



activities induced by elevated temperature is remarkable, especially when comparing with its
impact on standard electrode potential, namely, sulfite oxidation photocurrent increases near 40%
from room temperature to 40 °C while E° only changes less than 15 mV.

The improvement of PEC activities at higher temperatures is accompanied by a significant
cathodic shift of the photocurrent onset potential, which is particularly visible for sulfite oxidation.
This indicates that the thermal effect is mainly attributed to improved charge carrier separation
and suppressed carrier recombination, since the charge carrier transfer limitation at electrolyte
interface is removed by the hole scavenger. To further support this assessment, we conduct
electrochemical impedance spectroscopy (EIS) studies on the kinetics of interfacial charge transfer,
at different electrolyte temperatures. During the EIS measurement, a small AC potential (10 mV
rms) is applied over the DC potential, through which the complex impedance Z of the
electrochemical cell is determined as a function of the AC frequency f. Presented in Figure 2c are
the Nyquist plots of Z(f), i.e., the correlation between the imaginary part (ImZ(f)) and the real
part (ReZ(f)). Using the equivalent circuit shown in the inset of Figure 2c, the interfacial charge
transfer resistance Rt and the bulk resistance Rs are obtained by fitting the functional form of Z(f).
As shown in Figure 2d, Re is only reduced by less than 10% from 23 °C to 40 °C, while Rs is
reduced by more than 40%. This confirms that the improvement of interfacial charge injection
only plays a minor role on the higher PEC activity, when compared with the effect of more efficient
charge carrier transport in bulk. The observed reduction of Rs at high temperatures is highly
consistent with the results of temperature-dependent solid state electronic characterization reported
in our previous work®®, which showed that in-plane bulk conductivity of BVO monotonically
increased against temperature and the relationship between bulk conductivity and temperature

agreed well with small polaron hopping transport model (Figure S3). Thus, the improvement to



bulk transport of charge carrier may be attributed to the activation of small polaron hopping at
higher temperatures, which increases electron conductivity in BVO.

However, we find the improvement of small polaron transportation is not the only
contributing factor. A more detailed study on temperature-dependent PEC measurements reveals
that the thermal effect on BVO photoanode has both reversible and irreversible components. In
this study, the electrolyte is heated from 23 °C to 40 °C in about 10 min, left at 40 °C for 5 min,
then finally cooled down to 23 °C, with a series of Jo;n — E curves collected during the process
(Figure 3a). Although the sulfite oxidation photocurrent arises and drops respectively following
heating and cooling, the photocurrent measured at each temperature during cooling is always
higher than the corresponding value measured during heating, with a clear cathodic shift of the
photocurrent onset potential (Figure 3b). After returning to the room temperature, the photocurrent

density at Eq, ,0 remains at 2.94 mA/cm? and is about 18% higher than the initial value. The

measurement of incident photon to current efficiency (IPCE) also reveals the improvement in
photoelectrochemical activity after one such heating-cooling cycle of elevated-temperature
treatment (Figure S4). These measurements clearly demonstrate that the improved PEC activities
observed at higher temperatures cannot be completely explained by improved small polaron
transportation alone, which would be fully reversible. Instead, there must be an irreversible and
path-dependent effect, i.e., a mechanism that modifies the BVO photoanode through processing at
higher temperatures and improves its PEC activities after the processing. In addition, the observed
phenomenon is repeatable, and the improvement can be intensified if more cycles of treatment are
conducted (Figure S5).

Indeed, scanning electron microscopy (SEM) study reveals intriguing surface reconstruction

to BVO photoanode after PEC measurements at elevated temperatures in PB7-sulfite, with step-



like stripes etched throughout each BVO grain (Figure 3c). To quantify this photoelectrochemistry-
induced surface reconstruction, a constant potential of 0.8 Vrre is applied to BVO photoanodes in
a PB7-sulfite electrolyte at 35 °C, under AM 1.5G illumination, for a duration of 0.5, 2.5, and 5
hours, respectively. As evident by the SEM images, the surface reconstruction intensifies with
longer exposure, with the stripes developed very clearly after 5 hours (Figure 4a). These stripes
are parallel and uniform in spacing on each grain, and are often orthogonal to the ones across
neighboring grains. Using atomic force microscopy (AFM), we determine that each stripe has a
lateral width ~50 nm and a depth ~5 nm (Figure 4b and 4c). After treatment at 35 °C, the cell is
returned to room temperature to evaluate the PEC activities of each photoanode under AM 1.5G
illumination by measuring Jon — E curves. These measurements reveal higher activities for samples
treated for longer duration, with the photocurrent onset progressively shifting to more cathodic
potentials, offering higher open circuit voltages (Figure 4d). The photocurrent density of sulfite
oxidation is maximized after 5 hours of treatment, reaching 3.49 mA/cm? at 1.23 Vgrue, Which is
improved by 40% over the untreated sample (2.50 mA/cm?), with the photocurrent onset potential
shifting to cathodic direction by about 0.25 V. On the other hand, we note that the surface
reconstruction effect becomes negligible in the PB7 electrolyte, i.e., without the sulfite hole
scavenger (Figure S6), and that the temperature effect on PEC activity is nearly reversible (Figure
S7). Therefore, it appears that the presence of hole scavenger is a key factor for the observed
photoelectrochemistry-induced surface reconstruction. This is likely due to the higher
photocurrent densities enabled by the hole scavenger. Notably, the effect occurs in a similar
fashion if the sodium sulfite hole scavenger is replaced with sodium citrate, which is also a
reducing agent with low Kinetic barrier for oxidation.®® The citrate-treated BVO sample shows

similar but sharper stripes (Figure S8), which confirms the role of hole scavenger in promoting



BVO surface reconstruction. The enhancement to PEC activity is also comparable to sulfite-treated
samples (Figure S9). The more pronounced surface reconstruction effect of citrate may be
attributed to its chelating ability that facilitates the dissolution of Bi and V ions.*!

Further studies on the reconstructed surface discovers the formation of a thin amorphous
layer atop crystalline BVO after sulfite treatment (Figure 5). A cross-sectional specimen is
prepared for high-resolution TEM studies, using the focused ion beam (FIB) lift-out technique. To
facilitate the identification of exposed facets after surface reconstruction, the lift-out slice is normal
to the film plane, with its long sidewall perpendicular to the strips, as illustrated in Figure 5a. The
high-resolution TEM images reveal a crystalline film covered by an amorphous layer with a
uniform thickness of ~7 nm (Figure 5b). Energy dispersive X-ray spectroscopy (EDX) analysis
demonstrates that the amorphous surface layer has a similar Bi:V atomic ratio as the crystalline
bulk, both close to unity (Figure S10). XPS further verifies that the surface layer of surface-
reconstructed BVO does have the same 1:1 Bi:V ratio as as-prepared BVO film, which has a
crystalline, stoichiometric surface (Figure S11). The formation of an amorphous layer suggests
that the surface reconstruction likely associates with the dissolution and re-deposition of BiVOs,
considering that the stripes we observe resemble the morphology of acid-treated BVO thin film as
reported by Han et al.** In our case, however, the BVO photoanode is kept in a pH neutral buffer,
and the protons available for dissolving BiVO4 must be generated in situ during the oxidation of
sulfite by photoholes, following

SO2™ +2h* 4+ H,0 - SO%™ 4+ 2 H*. (1)
This reaction allows the decrease of local pH in the vicinity of BVO photoanode, thereby
dissolving it at elevated temperatures. The higher pH away from the interface, on the other hand,

would cause the re-precipitation of the Bi and V ions, thereby forming the amorphous layer on the



BVO photoanode. The photocorrosion of BVO photoanode in sulfite hole scavenger solution
seemingly contradicts the conventional wisdom that hole scavengers minimize photocorrosion.
This unexpected discovery is likely due to the higher proton activity at elevated temperatures,
which becomes negligible at the room temperature. We note that water oxidation may also generate
protons following similar equation to sulfite oxidation. However, since water oxidation is
associated with a much lower photocurrent (Figure S7), fewer protons are generated to support the
surface dissolution, so that the photoelectrochemical behavior appears more reversible during the
short-term reversibility experiment. On the other hand, water oxidation would eventually lead to
more severe photocorrosion due to the sluggish surface kinetics of BiVO4 and the accumulation of
surface charge traps, which would be dominant over the proposed proton-induced dissolution over
a long term. After a 5-hour photoelectrochemical treatment in PB7 (without sulfite) at the same
conditions (35 °C, 0.8 Vrne), considerable loss of BiVOs is observed, which strongly contrasts
with the uniformly developed stripes of sulfite-treated sample (Figure S12).

Underneath the amorphous surface layer, the BVO film remains crystalline. In the crystalline
region, we measure a lattice spacing of 0.29 nm along the out-of-plane direction, which matches
the (004) planes of monoclinic BVO and is consistent with the XRD results (Figure 5c). Selected
area electron diffraction (SAED) of the film bulk produces a high-quality single-crystalline pattern,
with the (002) diffraction spot along the out-of-plane direction and the (220) spot perpendicular to
it (Figure 5d). As such, we determine that the FIB slice is parallel to the (110) planes and that the
crystalline facet under the amorphous layer belongs to the family of planes with zone axis [110].
According to the TEM image, the crystalline facets form an angle ~15° with the (001) planes
(Figure 5b). Similarly, we may determine the angle by calculating the mean slope from the height

profile of AFM images, which arrives at 14.3° (Figure 4c). Therefore, the crystalline facets buried



under the amorphous layer can be indexed as highly stepped (11n) facets with n ~ 12. This suggests
that the photocorrosion on BVO follows a highly stepped etching front.

Although the surface reconstruction leads to remarkable enhancement of sulfite oxidation, the
photoanode remains ineffective for water oxidation. The Joh — E curve of water oxidation shows
less enhancement in either photocurrent density or photocurrent onset for surface-reconstructed
BVO (Figure 6a). Given that sulfite consumes all surface-reaching holes, thus achieving almost
100% charge injection at aqueous interface, the comparison between sulfite oxidation and water

oxidation can decouple the charge separation efficiency (7nse,) in bulk and charge injection
efficiency (nin;) across interface from BVO photoelectrode to electrolyte, following

Jph = JabsNsepMinjs 2
where Jph is the experimental photocurrent density and Jans the maximum photocurrent density

assuming that the all photons absorbed by BVO contribute to PEC process. Given that nfrﬁ‘jlﬁte =1
and 7, Is independent of the choice of electrolyte, we may calculate n}’rﬁ‘ter and nsep based on
the experimental photocurrent densities (Figure 4d and Figure 6a), respectively as nm‘ter =

Juiater /1splfite and nge, = JSRT/Japs. As summarized in Figure 6b, the surface reconstruction

increases 7sep from 0.52 to 0.72, by a margin of 38%, while slightly decreases nf;’lfter from 0.42 to
0.35. Therefore, the enhancement of PEC performance of surface-reconstructed BVO is attributed
to improvements in electron-hole pairs separation, which is likely due to the formation of a hetero-
phase junction of BVO between the surface disordered layer and the crystalline bulk that results
in favorable band alignment for alleviating charge recombination. Similar effects of surface
disorder on PEC activities were observed in studies by other groups. For example, Chen et al.
introduced disorder in the surface of TiO2 nanocrystal, which led to the mid-gap states that moved

the energy band of disordered layer upward.>? Kim et al reported that surface disorder layer in



BiVOs resulted in the upshift of valence band maximum (VBM).>® Zhang et al also predicted
similar VBM change of surface disordered BiVO. based on the quantification of the Fermi level.>*
In a recent work, Zhou et al. used potassium cation (K*) to create amorphous-crystalline hetero-
phase junction at the surface of BiVO4.%® The authors found that the formed amorphous layer could
promote surface charge transfer. To investigate the impact of surface amorphous layer on band
energetics, we perform Mott-Schottky analysis, which shows that flat band potential negatively
shifts 0.13 V, from -0.01 VruE to -0.14 VruE, after the amorphous layer formation (Figure S13).
For n-type semiconductors like BiVOs, the gap between flat band potential and conduction band
minimum (CBM) is assumed to be negligible and the shift of CBM can be determined according
to that of flat band potential.>® In addition, we observe very minor reduction (0.013 eV) in band
gap after surface reconstruction according to Tauc plot (Figure S14). Therefore, the valence band
maximum (VBM) of surface-reconstructed BiVOy is predicted to upshift by about 0.14 V. The
band diagram is depicted in Figure S15. The upshifted band at surface layer induces a built-in
electric field that promotes hole transfer but suppresses electron back diffusion to surface, thus
facilitating charge separation and reducing charge recombination. In the meantime, the upshifted
valence band leaves less overpotential for water oxidation by photoholes. The trade-off between
improvement in charge separation and reduction in water oxidation overpotential contributes to

the less prominent increase in water oxidation photocurrent and the slight decrease of nmf‘ter.

Nevertheless, PEC activities for water oxidation can be improved when an oxygen evolution
reaction (OER) catalyst is introduced, such as an ultrathin layer of cobalt oxide (CoOy) deposited
over BVO by PLD. After CoOy coating, the water oxidation photocurrent densities at 1.23 Vrre
of surface-reconstructed and as-prepared BVO both improve, with surface-reconstructed BVO

photoelectrode being superior to as-prepared BVO (1.86 mA/cm? vs. 1.64 mA/cm?, Figure 6c).



However, the charge injection efficiency is still lower for surface-reconstructed BVO. The further

improvement in charge injection efficiency remains an open question and requires future work.

Conclusion

In summary, we demonstrate that the water splitting activities of BVO photoanode is enhanced at
elevated operating temperature. Systematic PEC studies reveal that the performance improvement
at elevated operating temperatures attributes to both reversible and irreversible mechanisms. On
the reversible side, the small polaron charge transport in BVO is more efficiently activated in BVO,
which further improves charge carrier separation and delivery. On the irreversible side, the PEC
cell operation at elevated temperature with hole scavengers present brings significant surface
reconstruction to the surface of BVO photoanode, which includes the formation of a highly stepped
surface covered by a thin, amorphous layer. The surface reconstruction further improves charge
carrier separation, increasing the sulfite oxidation efficiency by up to 40%, even after the cell is
returned to room temperature. This intriguing surface morphology is likely a product of the
dissolution-redeposition of BVO, which is catalyzed by protons generated from the consumption
of photoholes by the hole scavengers in the vicinity of the photoanode. This work offers insight of
the effect of operating temperature on metal oxide photoelectrode and provides new understanding

of the commonly used auxiliary agent, hole scavenger, in the photoelectrochemical study.

Experimental Section

Thin Film Photoelectrode Fabrication



BiVO4 thin films are deposited on (100)-oriented yttrium-stabilized zirconia (YSZ) single-
crystalline substrates (MTI), by pulsed laser deposition (PLD) using a KrF excimer laser (248 nm)
operated at a repetition rate of 20 Hz, with a fluence of 1.8 J/cm? at the ablation target. The ablation
target is prepared using a conventional ceramic sintering method from commercial BiVO4 powder
(Alfa Aesar, 99.9%, ~200 Mesh). Typically, an epitaxial, 50-nm-thick indium tin oxide (ITO) layer
is deposited over the YSZ substrates at 600 °C under high vacuum (6 x 107 Torr) as a conductive
buffer layer. After that, the BiVO, layer is deposited at 675 °C, under 2 x 102 Torr of oxygen.
After deposition, the system is cooled down to room temperature at a rate of 10 °C/min, under the
same pressure of oxygen.

Structural, Morphological and Chemical Characterization

The crystallinity of BVO thin film is characterized by X-ray diffraction (XRD, Rigaku Ultima I1)
using Cu Ka radiation (1.5418 A). The surface morphology of the thin film is examined using
atomic force microscopy (AFM, Park NX 20) in the non-contact mode and scanning electron
microscopy (SEM, Hitachi 4800). Specimens for transmission electron microscopy (TEM) studies
are prepared by the focused ion beam (FIB) lift-out technique on a dual beam SEM/FIB
microscope (FEI Helios), and are further imaged by a JEOL 2100F microscope and an FEI Talos
F200X microscope. X-ray photoelectron spectroscopy (XPS) measurements are performed using
an Al K, excitation source (hv = 1486.6 eV).

Photoelectrochemical (PEC) Characterization

PEC measurements are carried out using a potentiostat (PAR VersaStat 4) in a three-electrode cell,
where BVO thin film serves as the working electrode, Ag/AgCl as the reference electrode and a
Pt wire as counter electrode. The simulated solar light is provided by a 150 W solar simulator

equipped with an air mass 1.5 global (AM 1.5 G) filter (Newport) and the light power was



calibrated to 1 Sun (100 mW/cm?) using a quartz-windowed Si solar cell (Newport). The
electrolyte is a pH 7 phosphate buffer with or without hole scavengers (either sodium sulfite or
sodium citrate). The electrode potential at room temperature is converted from the Ag/AgCl
reference to the reversible hydrogen electrode (RHE) reference following the equation below:
Erue = Eag/agcl + Efg/agal + 0.0592 VX pH ()
EA"g/AgCl = 0.1976 Vyug
The temperature was tuned and monitored by thermocouple temperature controller (Thorlabs TC-
200). The potential variation with temperature is calculated following the equation below*’ %8:

Eo(Tz) = EO(T1) + (dEO/dT)(Tz - T1) (4)
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Figure 1. (a) Schematics of the PLD growth process of BVO/ITO/YSZ thin film photoelectrode
and the lattice structures of BVO, ITO and YSZ. (b) XRD patterns of BVO/ITO/YSZ
photoelectrode and ITO/YSZ substrate. The standard XRD pattern of monoclinic BiVO; is
provided as a reference (JCPDS no. 14-0688). (c) XPS spectra of Bi 4f (top) and V 2p (bottom)

core level of BVO.
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Figure 2. Joh — E curves of BVO in (a) PB7-sulfite and (b) PB7 at electrolyte temperatures of 23
°C (red), 30 °C (blue), 35 °C (green) and 40 °C (magenta). (c) Nyquist plot of BVO measured at
1.2 Vrue at temperatures of 23 °C (red), 30 °C (blue) and 35 °C (green). The inset represents
equivalent circuit for fitting the resistance. (d) Bar plot of the fitting results of interfacial charge
transfer resistance (R, red) and bulk resistance (Rs, blue) at temperatures of 23 °C, 30 °C and 35

°C.
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Figure 3. (a) Time course of temperature in reversibility experiment. (b) Jpn — E curves of BVO in
PB7-sulfite in the process of heating (solid) and cooling-down (dashed) at temperatures of 23 °C
(red), 30 °C (blue) and 35 °C (green). (c) Top-view SEM images of BVO after reversibility

experiment at elevated temperature in PB7-sulfite.



a 150 min

b C 100 d
4 1 Measured at RT E 00
754 ~—— As-prepared /
— 05h
3{ — 25h
5.0 4 — 5h /
—~ 25 &
E § 21
N 001 £
=
25 Ly
-5.0
0
=75
0 100 200 300 400 025 050 075 1.00 1.25
Distance (nm) Potential (V vs. RHE)

Figure 4. (a) SEM images of BVO after treatment with applied bias of 0.8 V vs. RHE at 35 °C for
0.5 h (left), 2.5 h (mid) and 5 h (right) under back illumination in PB7-sulfite. (b) AFM image of
surface-reconstructed BVO with scan area of 5 x 5 pm?. The insets are magnified image of the
area confined by the red box. (c) The height profile along the red straight line in (b). (d) Jon — E
curves of BVO measured at room temperature after treatment with applied bias of 0.8 VruEe at 35
°C for 0.5 h (red), 2.5 h (blue) and 5 h (green) under back illumination in PB7-sulfite. The Joh — E
curve of as-prepared BVO under same measurement condition (black) is also provided for

comparison.



FIB slice

Figure 5. (a) Schematic of the preparation of TEM specimen by FIB lift-out technique. (b) TEM
image of the reconstructed surface of BVO. The slope angle of edge is highlighted by red lines.
Au and Pt are protection layers used in FIB process to avoid over-milling of sample surface. (c)
Atomic-resolution TEM image of the reconstructed surface of BVO. (d) SAED diffraction pattern

of the crystalline region of surface-reconstructed BVO.
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Figure 6. (a) Jpn — E curves of as-prepared (red) and surface-reconstructed (blue) BVO in PB7.

The treatment condition is 0.8 Vrne, 35 °C in PB7-sufite for 5 h. (b) Bar plot of calculated charge

separation efficiency (nsep) and charge injection efficiency (ninj) Of as-prepared (red) and surface-

reconstructed (blue) BVO. (c) Jon — E curves of as-prepared (red) and surface-reconstructed (blue)

BVO with (dashed) and without (solid) CoOx OER catalyst coating in PB7.
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