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ABSTRACT: During photoelectrochemical (PEC) water splitting, the reactions occur on the surface of the photoelectrode.
Therefore, the properties of the interfaces between the various components of the electrode (semiconductor/semiconductor,
semiconductor/catalyst, or photoelectrode/electrolyte) affect the PEC performance of the composite material. Notably, surface
trap states may hinder charge transfer and transport properties, and also cause Fermi pinning, affecting the quasi-Fermi level and
onset potential under illumination, which may in turn influence the PEC performance of the corresponding tandem cells. In this
study, plate-like WO; array films prepared by an aqueous chemical growth method were employed to highlight the effect of
interfacial properties on the performance of a WO;-based photoanode. The Mott—Schottky and linear sweep voltammetry
experiments prove the existence of surface trap states and Fermi pinning for pristine WOj3, which are alleviated after an “etching”
treatment and disappeared after surface passivation by a Ga,0j; layer. Both etching and passivation increase the oxygen evolution
activity and the Faradaic efficiency for the oxygen evolution reaction (OER). After loading a permeable catalyst (FeOOH), the
photocurrent is further increased, and there is a synergistic effect between loading of the electrocatalyst with etching or
passivation. The onset potentials of the samples follow the trends: etch-WO;/FeOOH < WO;/FeOOH < WO;/Ga,0;/FeOOH
< etch-WO; < WO; < WO;/Ga,0;, indicating that the interfacial properties have a significant effect on the PEC performance.

Meanwhile, the modified WO;-based electrode was combined with a dye-sensitized solar cell to fabricate tandem cell, which
showed 2.42-fold photocurrent density compared with the pristine WO;-based tandem cell.

KEYWORDS: WO;, surface states, etching, passivation, tandem cell, solar water splitting

1. INTRODUCTION

Since 1972, photocatalytic or photoelectrochemical (PEC)
water splitting for producing hydrogen and oxygen has been a
hot subject of intense research,'
have been discovered and reported as photoelectrodes.
However, the band position of most materials make them
unsuitable to satisfy H, and O, evolution together, and
additional applied potential is needed to perform water
splitting.

In recent years, tandem cells have been reported for water
splitting without additional applied potential. NiFeO,-modified
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hematite was combined with a TiO,/Pt loaded amorphous
silicon photocathode in 0.5 M phosphate solution (pH 11.8),”
and the output photocurrent was about 0.7 mA/cm? The solar-
to-hydrogen conversion efficiency was 3.1% when a WO,
photoanode was used in a tandem unassisted PEC water
splitting system with a TiO,-based dye-sensitized solar cell
(DSSC), and increased to 5.7% when a BiVO,-sensitized
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Figure 1. Schematic illustrations of synthesis of WO; and the surface-modified samples.

mesoporous WO; film was combined with a porphyrin-DSSC
with a high voltage open circuit potential (Vc).”” Considering
the light absorption balance between the photoanode and solar
cell (or photocathode), a WO;-based photoanode is an ideal
candidate due to its reasonable bandgap (Eg = 2.6-2.8 eV),
great hole mobility (10 cm®* V™' s7') and moderate hole
diffusion length (150 nm).*’ Despite this, the match between
WOj; photoanodes and solar cells in tandem unassisted PEC
water splitting systems is not good. This is because the WO,
photoanode cannot match the V¢ of the solar cell as well as
the low current densities from the photoanode at the potential
provided by the solar cell.

To achieve unassisted water splitting with high efficiency,
one possible strategy is to increase the Vyc with dual or
multiple junction configuration solar cells (such as double-
junction Si,'° GaAs/InGaAsP""), which can compensate for the
large overpotential of the oxygen evolution reaction (OER),
further increasing the current density of the photoanode to
approach the theoretically possible photocurrent value.'”
Another possibility for gaining a good match is decreasing
the onset potential or increasing the photocurrent in the low
applied potential region of the photoanode. The onset potential
(Vop) of a photoanode can be calculated by the formula (V =
E, — ®,, + 1), where F,,, @, and 7 are the electrochemical
potential of the solution, photovoltage and kinetic over-
potential, respectively. In reality, the onset potential is also
dependent on interface phenomena, which are associated with
some possible factors, including surface termination, surface
catalysis, Fermi level position and surface traps.">~"> Among
them, surface traps may result in increasing the stored char%e,ls
surface recombination'’ and pinning of the Fermi level."” In
such a manner, the compositional and electronic properties of
the semiconductor surface are not in the ideal situation, which
may influence the value of @, of the photoanode.” Etching
the surface of the semiconductor is considered as a strategy to
decrease the thickness of the surface disordered layer and
dissolve surface traps, and can result in a negatively shift of the
onset potential as well. Zheng et al. enhanced the low-bias
performance of a hematite photoanode by flame-doping, oxalic
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acid etching and surface catalyst modification.”® A dual etched/
reduced WO; film was obtained by dipping the WO; film in a
solution containing poly(vinylpyrrolidone) (PVP) and ascorbic
acid.”' Most recently, a WO, film was etched by dipping into
thioacetamide solution at 90 °C for 10 h.”> The modified WO,
film also shows a negative shift in onset potential and increased
photocurrent in the low potential region.

Loading catalysts on the surface of the semiconductor can
also decrease the onset potential. It is because the electro-
catalyst promotes the water oxidation reaction by decreasing
the kinetic overpotential (7). The interface between the
original semiconductor and catalyst is critical for photo-
generated charge transfer and PEC performance of the
integrated photoanode. To get high performance, the catalyst
should match well with the semiconductor in band alignment
and structure.”* Two different types of current—potential
curves were found with the loading of Co-Pi**° and
FeOOH,””*" and both an improvement”’ and a decrease”” of
PEC performance can be seen after electrodeposition of the
FeOOH under irradiation. Considering the control sample
(pristine WO;) was not treated at a similar potential under
irradiation, it is difficult to discuss the influence of the interface
without taking the effect of electrochemical treatment and
illumination into account. However, the trapping sites on the
surface of the original semiconductor will still exist at the
interface between semiconductor and catalysts. Because of the
charge trapping, the photogenerated holes may recombine with
the electrons at the interface instead of being transferred to the
catalyst or electrolyte.’® Thus, surface traps of the semi-
conductor should be considered before a catalyst can be
employed. Meanwhile, most of the non-noble catalysts for the
OER suffer from deleterious degradation reactions in the low
pH region,”" and the Faradaic efficiency of water oxidation for
WO,-based materials is low in the low pH region, too.”
Because WO; may be thermodynamically unstable in an
electrolyte solution with pH > 4, the stability also needs to be
considered during OER measurements.

In addition to protecting the electrode from chemical
dissolution and corrosion, surface passivation is also a good
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Figure 2. SEM images of (a) bare WO;, (b) etch-WO;, (c) WO3/Ga,0;. TEM and HRTEM images of (d) bare WO, (e) etch-WO,, (f) WO,/
Ga,05, (g) STEM image of WO;/Ga,0;, and (h—k) the corresponding EDX elemental mappings.

strategy to impede recombination at the surface states of the
semiconductor, which has the possibility to change the onset
potential. Choi et al.** loaded an alumina overlayer on the
surface of a transparent WO; particle film by atomic layer
deposition (ALD). The modified nanoparticle film showed a
slightly positive onset potential compared with the WO; film
before coating with the passivation layer, which is different from
the hematite photoanodes passivated with alumina overlayers.”
These indicate that passivation may inhibit the recombination
of electrons and holes at the surface traps, but the overlayer
consists of a new material that may affect the energy level of the
photoanode by field effect passivation.”® The HfO, as
passivation layer was also used to cover the surface of WO,
particle film and plate-like arrays film, showing a slightly
positive shift of onset potential.’”** Consequently, the shift in
the onset potential will depend on the individual situation.

The electrochemical properties of the interface are key
factors for the onset potential and the PEC performance of the
semiconductor. In this study, WO; plate-like array films
prepared by an aqueous chemical growth method were
employed as a research tool to investigate the shift of onset
potential and its effect on the PEC performance. We treated the
WO; film by etching or passivation, and then loaded catalyst by
a chemical bath method. To further understand the effect of
interface properties and the corresponding onset potential, the
tandem cells were also constructed using the as-prepared
photoanode and a DSSC, which demonstrates a possibility of
activating the tandem cell's water splitting capabilities by
modifying the surface of the photoelectrode.

2. RESULTS AND DISCUSSION

2.1. Physical Characterization. Here we use a WO; plate-
like film as the starting material (see the experimental section in
Supporting Information and schematic illustrations of synthesis
in Figure 1). The XRD peaks match well with the standard
monoclinic WO; (PDF 72-0677) and tetragonal SnO, (PDF

46-1088), confirming WO; is loaded on the FTO (in Figure
S1a).” After an etching treatment (etch-WO,) or coating of a
Ga,0, passivation layer (WO;/Ga,05), no obvious changing of
peaks is found due to the low loading amount of Ga,O5 (Figure
Sla and b). In Figure Slc, similar XRD patterns are seen after
subsequent loading of electrocatalyst (WO;/FeOOH and etch-
WO,/FeOOH). In scanning electron microscope (SEM)
images (Figures 2a—c and S2), all the samples show a plate-
like array morphology, with a film thickness of ~0.86 ym. After
depositing FeOOH (Figures S2 and S3), the surface of the
WO; plates seems to be wrapped by a rough gauze-like material
which is likely FeOOH. Energy-dispersive X-ray spectroscopy
(EDX) elemental mapping of the WO;/Ga,0;/FeOOH cross-
section reveals that Ga,0; and FeOOH have been coated on
the WO, (Figure S4). X-ray photoelectron spectroscopy (XPS)
further confirms the presence of each element derived from the
electrocatalyst (FeOOH) and the passivation layer (Ga,0;) in
Figures SSa—c, Se, and S7. The ratio of the surface hydroxyl
groups and lattice oxygen groups increases after loading of
FeOOH (Figure S5b), which may result from the hydroxylated
surface of the FeOOH layer.” In addition, the atomic ratio of
Ga/W on the surface of the WO;/Ga,0; increases with an
increase in the number ALD cycles (Figures S8 and S9 and
Table S1).

A comparison between the WO; and the etch-WO;, as well
as the WO;/Ga,05, is also made via transmission electron
microscopy (TEM) analysis. The low-resolution TEM images
(Figure 2d—f) confirm that the WO;-based films are composed
of plates, which is consistent with the SEM results (Figure 2a—
c). The high-resolution TEM (HRTEM) image of WO; (inset
of Figure 2d) shows a disordered layer (about 1.3 nm) at the
edge of the WO; plate. After etching, the surface disordered
layer (~0.5 nm) becomes thinner as marked (Figure 2e). In the
HRTEM and STEM images (Figure 2f and g), a new material
covers the bulk WOj; plate. To determine the identity of this
component, we measured the EDX elemental mapping. The
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Figure 3. (a) Linear sweep voltammograms and (b) Bulter plots of WO;, etch-WO;, WO;/FeOOH, and etch-WO;/FeOOH. (c) Current—time
curves of WO;, etch-WO;, WO;/FeOOH, and etch-WO;/FeOOH, (d) magnification at the region of turning on light, (e) magnification at the
region of turning off light, and (f) liner fitting for the transient time constant. Each experiment was performed in a 0.2 M Na,SO, solution (pH ~

6.8).

elements Ga, O, and W (Figure 2i—k) are evenly distributed on
the bulk as shown in the top left corner of the image. The lower
right edge of the image, however, shows that it is almost
completely composed of Ga without any W (Figure 2h). It
indicates that the Ga,O; fabricated by the ALD method covers
the entire WO; plate.

2.2. Electrochemical Characterization. The effect of
etching and electrocatalyst modification on the J—V behavior of
the WO; photoanode was investigated by linear sweep
voltammetry (LSV). For pristine WO, the current increases
steeply with an increase of the applied potential more positive
than 0.9 V vs RHE under illumination (Figures 3a and S10).
The corresponding onset potential, extracted by extrapolating
the linear part of the Butler plot (P—V),"" is about 0.95 V vs
RHE (Figure 3b). For the etch-WO; sample, the onset
potential shows a negative shift to 0.89 V, and the photocurrent
density increases compared with the pristine WO; film.
Photogenerated holes may accumulate at the surface trapping
states (ss) on the surface of the WO, where they can
recombine with electrons (Figure 4a). This can be alleviated
after etching, which reduces the accumulation of photo-
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Figure 5. (a) Linear sweep voltammograms. (b) Current—time curves of as-prepared samples at 1.23 V vs RHE and of WO; and WO5/Ga,0; with
different ALD cycles under (c) 1.23 and (d) 1.58 V vs RHE. Comparison of WO;-based photoanode (e) without and (f) with Ga,O; passivation
layer. Each experiment was performed in a 0.2 M Na,SO, solution (pH = 6.8).

generated holes by reducing the number of trap sites, allowing
more holes to participate in the water oxidation reaction
(Figure 4b). The improvement assists in increasing the output
photocurrent of the corresponding tandem cells in unassisted
water splitting.**

After loading FeOOH onto the surface of the pristine WO,
photoanode, the onset potential shifted negatively to 0.82 V vs
RHE (Figure 3b). If the FeOOH is loaded on the surface of the
etch-WO; sample, the onset potential of etch-WO;/FeOOH
(0.79 V) exhibits a further negative shift as compared to WO,/
FeOOH. FeOOH is hole transfer catalyst, in which the
oxidation states of the metal cations cycle during the water
oxidation process. Moreover, the rate of electron exchange
between the surface traps of the semiconductor and the cations
of the catalyst is faster than that of water oxidation (Figure 4c).
With the existence of trapping sites on the surface of the WO;,
the photogenerated holes charge the electrocatalyst and surface
traps at the same time.*’ After reducing the number of trapping
sites, more holes will be available to charge the electrocatalyst
(Figure 4d), which can diminish surface state recombination
and alleviate Fermi level pinning.** The Helmholtz potential at
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the semiconductor surface may also change with the reduction
of surface traps density. This is why the onset potential of
WO;/FeOOH can further negative shift from 0.82 V vs RHE to
0.79 V vs RHE for etch-WO,/FeOOH (Figure 3b). Meanwhile,
the photocurrent increases between 0.8 and 1.3 V vs RHE,
indicating a higher fill factor for the etch-WO;/FeOOH
sample.”* This means a decreased amount of the trap states
at the WO,/FeOOH interface and a more efficient hole transfer
from WO; to the electrolyte via FeOOH. The CoOOH and
dense catalyst (CoO,) were also used as electrocatalysts to
confirm the effect of etching surface traps (Figure S11—15).
The further negative shift of onset potential and improvement
of photocurrent can also be seen for etch-WO;/CoO, and etch-
WO,;/CoOOH compared with WO;/CoO, and etch-WO,/
CoOOH, respectively. The onset potential of the etch-WO;/
CoO, shows less negative shift than that of the etch-WO;/
FeOOH (Figure Slla and b), which may cause by different
catalytic mechanism between electrolyte-permeated catalyst
(FeOOH) and dense electrocatalyst (CoO,) (Figure S11c and
d). In all, the synergistic effect occurs between etching with
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various kind of electrocatalyst, providing a more negative shift
of onset potential and a good PEC performance under low-bias.

The current vs time data for all samples was measured at 1.23
V vs RHE for 15 min as shown in Figure 3c. The etch-WO;
electrode exhibits a slower photocurrent decay curve and a
more stable signal than the pristine WO, electrode (Figure 3d).
Ideally, the photogenerated holes would be transferred to the
electrode surface, where they would react with the reduced
species of electrolyte, and the photogenerated electrons would
move to the back contact. The photocurrent decay
demonstrates that holes reaching the electrode surface
accumulate at the surface and recombine with electrons from
the conduction band rather than transferring to the electro-
lyte.*> Additionally, a cathodic spike can be seen for the WOj as
well as the etch-WO; film (Figure 3e), and the latter shows less
signal. Taken together, this suggests that trapping sites on the
surface of pristine WOj; accumulate photogenerated holes
which then recombine with electrons.”® After etching, the
number of trapping sites has been decreased, and the effect is
lessened.

After being modified with FeOOH, etch-WO;/FeOOH
shows a similar initial photocurrent, but a slower decay curve
compared with WO,;/FeOOH. The photocurrent decay
indicates the recombination of electron—hole pairs, which can
be measured and determined from the equations as below
(Figure 3f):

D = exp(—t/7,) (1)

D= (I, - L)/(I, - I) ()

where ¢ is time, 7, is a parameter defined as the transient time
constant. The I, I;, and I; are the photocurrents at the time after
irradiation, initial irradiation, and final steady states, respec-
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tively. The calculated average 7, is 2.6, 4.2, 4.6, and 5.4 s for
WO,, etch-WO,;, WO,;/FeOOH, and etch-WO,;/FeOOH,
respectively. The 7, represents the time needed for the
concentration of photogenerated carriers within the WO; based
film to reach a constant level, and it is related to the rate at
which minority carriers (holes) trapped at the surface states
capture majority carriers (electrons).”” The values imply that
the etching and subsequent coating of electrocatalysts can
mitigate the recombination of photogenerated holes and
electrons.

Figure Sa shows the J—V curves of pristine WO; WO,/
Ga,0;, WO,;/FeOOH, and WO;/Ga,0;/FeOOH. After
loading Ga,O;, the onset potential of the WO; based film
electrode shifts to a more positive potential. We also measured
WO,/Ga,0; with different ALD cycles (Figure S16). The
photocurrent densities of WO;3/Ga,O; films in the potential
region of 0.9—1.2 V vs RHE decrease as the thickness of the
passivation layer increases. It indicates that the speed of
electrochemical reaction is slower than that of charge transfer in
the electrode, resulting in electrochemical polarization as a
dominant factor in the process.® Moreover, an additional
external overpotential may be required to transport holes from
the WO; to the Ga,0; for efficient water oxidation due to the
valence band offset between WO, and Ga,O; (Figure S17). At
potentials more positive than 1.2 V vs RHE, the photocurrent
of the WO;/Ga,0; film is higher than that of the pristine WO;.
With increasing ALD cycles, the saturated photocurrent
densities increase until 7 cycles, as which point they decrease
again. This is due to a competition between the beneficial
effects of improved passivation and the deleterious effects of
decreased carrier tunneling. Meanwhile, charge carriers jumping
between defects and penetrating through the layer may be the
main source of current.*®
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After coating with FeOOH (Figure Sa), the onset potentials
of the WO; and WO;/Ga,O; films show a negative shift, and
there is a negligible difference of onset potential between WO,/
FeOOH and WO;3/Ga,0;/FeOOH. The small degree of
difference indicates that the outer electrocatalyst layer
determines the onset potential, which results from the
reduction in the kinetic overpotential. At the same time, the
photocurrent of the WO;/Ga,0;/FeOOH film is higher than
that of WO,/FeOOH at 1.23 V vs RHE (Figure Sb). Etch-WO,
was also loaded of Ga,O; and FeOOH, this sample (etch-
WO,/Ga,03/FeOOH) has similar PEC performance as WO,/
Ga,0,/FeOOH (Figure S18). The possible reason for this
result is that the recombination of electron—hole pairs has been
inhibited via surface trapping sites at the interface between
WO; and Ga,0;. These indicate that the passivation layer
suppresses the recombination on the surface of WO, leading to
a more efficient transfer of photogenerated holes, which
suggests that surface passivation strategies can effectively be
combined with catalytic approaches.

The current—time data for WO;/Ga,O; samples with
different numbers of ALD cycles was successively measured
at 1.23 and 1.58 V vs RHE (Figure Sc and Sd). At each
potential, the pristine WO; shows a continually decaying
photocurrent (Figure S19), which may result from corrosion
occurring during the PEC reaction (Figure Se). WO;/Ga, 0,
electrodes exhibit slower decay curves, and the WO;/Ga,0,
sample with ALD cycles of 7 and 10 ALD cycles shows a stable
photocurrent after a slight decrease immediately after light-
irradiation (Figure Sd). This result shows that the WO, sample
is prevented from contacting the neutral electrolyte directly,
and that chemical corrosion is inhibited (Figure Sf). When the
number of ALD cycles is low, the WO; plates may not be
covered completely due to the existence of pinholes or defects.
Increasing the thickness of the Ga,O; layer can not only reduce
the pinhole density but also increase the series resistance and
build a tunneling barrier.>’ This is why the WO,/Ga,0; with
10 ALD cycles shows high stability but low photocurrent
density. This also explains the fact that the highest photo-
currents belong to the WO;/Ga,O; with 3 and 7 ALD cycles at
the potentials of 1.23 and 1.58 V vs RHE, respectively. After
irradiation of 1600 s, the photocurrent of the WO;/Ga,0; with
7 ALD cycles is 0.40 mA/cm? about 2 times that of pristine
WO, (0.19 mA/cm?). In Figure S20, the etch-WO; sample
shows higher current density than the pristine WO;, while the
WO;/Ga,0; exhibits better stability and higher current density
(0.73 mA/cm?) than either the pristine WO, (0.34 mA/cm?)
or the etch-WO, sample (0.54 mA/cm?) at 2.0 V (vs RHE).
These results demonstrate that Ga,O; deposited by the ALD
method has a protective effect on the WO; photoanode in a 0.2
M Na,SO, solution (pH = 6.8). Note that there is trade-off
relationship between the photocurrent and stability of the
WO;/Ga,0; photoanode, which can be improved by
optimizing the number of ALD cycles.

Figure 6a shows the Mott—Schottky plots of WOj, etch-
WO;, WO,;/FeOOH, etch-WO;/FeOOH, WO,;/Ga,0;, and
WO,;/Ga,0;/FeOOH film electrodes. Each plot shows a
positive slope, distinctly indicating that the WO; based films
are n-type semiconductors. We also measured the electro-
chemical active surface area (ECSA) for the WO, and etch-
WO, samples, whose calculated slope is 0.40 and 0.53 mF/cm?,
respectively (Figure 6b). This indicates that etch-WO; has a
higher ECSA than pristine WO;.***’ The larger specific surface
area of the WO; electrode may promote charge transfer across

the material interfaces (WOj-electrolyte or WO;-electro-
catalyst). This explains the reason for that the etch-WOj; film
shows positive shifts of flat band potential (Eg) compared to
the pristine WO, film (Table 1), which is similar to the results

Table 1. Fitting Results of Mott—Schottky plots for WO,
etch-WO;, WO;/FeOOH, etch-WO;/FeOOH, WO;/Ga,0,,
and WO;/Ga,0;/FeOOH Film Electrodes

etch- WO,/
etch- WO,/ WO,/ WO,/  Ga,0,/

WO; WO; FeOOH FeOOH Ga,0O; FeOOH
carrier density 3.95 4.88 2.81 3.70 11.5 9.79
(10"%/em®)
flat band L0 112 0.95 091 1.43 1.16
potential
(V vs RHE)

for WO, etched by PVP and ascorbic acid.”' The etch-WO,/
FeOOH sample shows slightly higher charge carrier density and
a more negative flat band potential than the WO;/FeOOH
sample. These results can be ascribed to the decrease in the
number of trapping sites at the interface between WO; and
FeOOH, which lead to more holes being transferred to the
surface of the electrode, in agreement with the results of the
current—potential curves (Figure 3a). In comparison to the
pristine WOj; film, the WO;/Ga,0; films have higher carrier
concentrations (1.15 X 10?° /cm?), which indicates the Ga,O,
layer assists in the gathering of charge carriers. The flat band
potential of the WO;/Ga,O; sample is elevated to a more
positive potential closer to the valence band in WO; than that
of pristine WO;. It continues to shift toward a more positive
potential as the thickness of Ga,O; increases monotonically in
the dark and under illumination (Figure S20). Hence, Ga,O,
acts as a semiconductor passivation layer in this study.’® After
loading of FeOOH, the corresponding flat bands shift to
negative potentials when compared with WO;/Ga,O; (inset of
Figure 6a), but they are still more positive than WO,/FeOOH.

We also measured the Mott—Schottky plots of the WO,,
etch-WO;, and WO;/Ga,0; samples with a frequency of S Hz
(Figure 6¢). For pristine WO;, there is a downward shift in the
slope in the potential range of ~0.9—1.15 V (vs. RHE). Defects
may exist on the surface of WO;, which can lead to Fermi level
pinning at the WO;/electrolyte interface, substantially reduce
band bending, and significantly increase charge recombina-
tion.”” Consequently, the upward band bending is suppressed
at potentials more negative than 1.15S V (vs RHE), and the
photogenerated holes may recombine with photogenerated
electrons at undepleted WO, surface states before the holes can
oxidize water at potentials below 1.15 V (vs RHE). After the
etching treatment, a slightly downward shift exists in the plot
for the etch-WOj; sample, indicating that the trapping sites have
been dissolved but not completely removed. Further, the
downward shift regions shift to more negative potentials,
implying that the surface states in the etch-WO; sample could
be fully depleted at lower potentials than those in pristine WO;.
There is no downward shift in the plot of WO;/Ga,0;.
Accordingly, the trapping states of WO; might have been
completely removed after the loading of Ga,O;.

To further study the trapped photogenerated holes on the
surface of WO;, we measured cyclic voltammetry (CV) in the
dark (Figure 6d). In this experiment, if holes accumulate on the
surface during the current—time curve measurement at 2.0 V vs
RHE (Figure S21), a cathodic current peak may be detected in
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the dark when the potential is scanned negatively, which
represents the reduction of these surface states.”" In Figure 6d,
the WO; sample shows a cathodic peak on the first cycle
around 1 V vs RHE, while the peak for etch-WO; is much
weaker. The peak of each sample is gone on the second CV
cycle, meaning that the peak represents the reduction of
trapped holes as the potential is scanned negative in the first
cycle. For WO;/Ga, 05, the peak can not be observed in the
first cycle. This may be explained by a combination of two
mechanisms: (1) The photogenerated holes are trapped on the
surface of the pristine WO, which is restricted after treatment
with Ga,0; (2) the formation of peroxo-species may be
hampered after coating by the Ga,Oj; layer. Taking the Mott—
Schottky and ECSA results into account, we infer that etching
can partially dissolve the trapping sites on the surface, as well as
increase the ECSA, which decreases the Fermi pinning. Loading
a passivation layer can also efficiently eliminate charge
recombination through the surface traps that are assumed to
cause Fermi level pinning, which is more completely than
etching treatment.

As shown in Figure 7, electrochemical impedance spectra
(EIS) studies were carried out to study the properties of the
interface between the electrodes and electrolyte solutions. In
Figure 7a, both the WO; and etch-WOj; samples show a wide
impedance arc without light irradiation, suggesting that few
charges can pass through the interface between the photoanode
and electrolyte under dark condition.”” Compared with the
WO, sample, the etch-WO; sample has a smaller impedance
arc, which means a small interface transfer resistance that may
be caused by the larger ECSA. Under irradiation, the arc
diameter of the etch-WO; sample is smaller than that of
pristine WO, (Figure 7b). This indicates that charge transport
across the etch-WOj/electrolyte interface is more facile,
consistent with the result from LSV measurements. Meanwhile,
the etch-WO;/FeOOH sample exhibits a smaller impedance
arc diameter than the WO;/FeOOH sample. This implies that
the trapping sites that exist at the surface of the pristine WO; or
the interface between WO, and FeOOH are etched and
dissolved, which can provide a better charge transfer ability.
Following ALD treatment, the WO;/Ga,O; sample shows
larger arc than pristine WO; at a low potential (0.88 V vs RHE,
Figure 7b), but smaller at a high potential (1.38, 1.48, and 1.58
V vs RHE, Figure 7c). A plausible explanation is that the barrier
or internal electric field may exist between WO; and Ga,0;
after coating of the passivation layer.”® An additional potential
is needed for holes to overcome the barrier at low potential
(Figure S17c¢). In the high potential region, the band alignment
facilitates hole transfer to the electrolyte (Figure S17d).
Meanwhile, the passivation of surface trapping sites decreases
the recombination of electrons and holes, which favors the
charge transfer between electrode and electrolyte.

In Figure 8a, it can be seen that the hole injection efficiency
for the etch-WOj; sample increases compared with the pristine
WO, film, which is consistent with the results of the J—V curves
(Figure 3a). The WO;/FeOOH electrode exhibits higher hole
injection efficiency in the low potential region, and etch-WO;/
FeOOH shows even further improvement. In Figure S22a, the
photocurrents of the as-prepared samples measured in
potassium phosphate (KPi) are consistent with the results
measured in 0.2 M Na,SO, (Figure 3a). When measuring the
photocurrent in 0.5 M KPi +0.5 M Na,SO; (Figure S22b), the
photocurrents of WO; and etch-WOj; are similar, but the
photocurrent of etch-WO;/FeOOH is higher than WO,/
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Figure 7. EIS plots: (a) WO; and etch-WOj in the dark measured at
0.88 V vs RHE; (b) samples under irradiation at 0.88 V vs RHE; (c)
WO; and WO;/Ga,0; at different potentials. Each experiment was
performed in a 0.2 M Na,SO, solution (pH = 6.8).

FeOOH. This supports the above idea that etching dissolves
the trapping sites so as to mitigate the recombination at the
interface of WO; and electrocatalysts. For WO;3/Ga,O; and
WO,/Ga,0;/FeOO0H, the efliciencies are lower than WO; and
WO;/FeOOH, respectively, in the low potential region. When
the applied potential is more positive than 1.0 V vs RHE, the
hole injection efficiency of WO;/Ga,0;/FeOOH (96% at 1.23
V vs RHE) is higher than WO;/FeOOH (77% at 1.23 V vs
RHE).

The generated O, was also quantified by an oxygen sensor.
The Faradaic efficiency of WO, is about 80% (Figure 8b),
owing to a portion of the total photocurrent going toward the
formation of peroxo-species.””>>>* After etching, both the
amount of evolved oxygen and the Faradaic efficiency increase.
A possible explanation is the reduced number of trap states on
the surface. WO;3/Ga,0; has a higher efficiency than the etch-
WOj; sample. Besides limiting the trapping sites on the surface
of WO; from contacting with the electrolyte, the formation of
peroxo-species is hampered after coating with the Ga,O; layer,
allowing the holes to be used to oxidize H,O more selectively
to O,. After loading the electrocatalysts, the amount of evolved
oxygen and Faradaic efliciency are further improved. The
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Figure 8. (a) Hole injection efficiency of WO;-based photoanodes, (b) actual (scatters) and theoretical (line) oxygen evolution amount, (c) incident
photon to current conversion efficiency (IPCE) for WOj; based films (performed at 1.23 V vs RHE in a 0.2 M Na,SO, solution, pH =~ 6.8), and (d)

UV—vis absorbance spectra for WO;-based films.

Faraday efficiencies are near 100% for WO;/FeOOH, etch-
WO,/FeOOH, and WO;/Ga,0;/FeOOH. These indicate that
the electrocatalyst can promote the photogenerated holes to
form O, instead of peroxo-species.

Incident photon to current conversion efficiency (IPCE)
determinations were performed to further investigate the PEC
performances of the samples after surface treatment. In Figure
8¢, pristine WO; shows a photoresponse in the visible-light
region up to about 460 nm. The etch-WOj; sample exhibits
higher IPCE value than the pristine WO;. The improved IPCE
value demonstrates that recombination of photogenerated
electrons and holes on the surface of WOj; is inhibited after
etching. After being modified with FeOOH, both the WO,/
FeOOH and etch-WO;/FeOOH samples show increased IPCE
values (Figure 8c). At 350 nm, the IPCE values of WO;, etch-
WO;, WO;/FeOOH, and etch-WO;/FeOOH are approx-
imately 31%, 40%, 43%, and 49%, respectively. It indicates less
trapping sites between WO; and FeOOH after etching,
resulting in a further improvement of PEC performance.
Similar results can be seen for the WO, modified with dense
catalyst (Figure S23a). The IPCE values of etch-WO;/CoO,
are higher than that of WO;/Co0O, in the photoresponse
region. For WO; and WO,/Ga, 05 (Figure S23b), the effect of
the passivation layer is significant at a high potential (1.57 V vs
RHE), in agreement with the results of the J—V curves (Figure
Sa). After being modified with FeOOH (Figure 8c), WO,/
Ga,0;/FeOOH shows higher IPCE values than WO;/FeOOH
in the same wavelength region. This demonstrates the
synergistic effect of passivation and addition of an electro-
catalyst result in a higher PEC performance at 1.23 V (vs Ag/
AgCl).

The optical absorption properties of samples were obtained
by UV—vis diffused reflectance spectra as indicated in Figure
8d. As can be seen, pristine WO, exhibits an intense absorption
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with an absorption edge at the wavelength near 460 nm,
relating to a band gap of 2.70 eV. After etching, there is a
negligible shift of the absorbance edge and a minimal change in
the absorbance value. For the WO;/FeOOH and the etch-
WO;/FeOOH samples, the absorbances go up in the ultraviolet
region. Similar phenomena can be found for the case of WO,/
CoO, and etch-WO,/CoO, (Figure S25). Moreover, there
seems to be a very slight shift in the absorbance edge after
loading of CoO,. Compared with WO; and WO;/FeOOH,
WO,/Ga,0;, and WO;/Ga,0,/FeOOH exhibit similar absorb-
ance without changes to the absorbance edge. The correspond-
ing absorbed photon-to-current efficiencies (APCE) are
presented in Figure S26. According to the results of IPCE
and APCE, we confirm that the improvement of PEC
performance results from reducing recombination and increas-
ing hole injection efficiency at the interface of electrode/
electrolyte and WO,/electrocatalyst.

2.3. Electrochemical Characterization of Correspond-
ing Tandem cells. The performance of the WO;-based film in
a solar-powered tandem water-splitting device was measured by
connecting the WOj;-based photoanode in series to a DSSC
with an additional Pt wire (Figure 9a). The DSSC has higher
current density than the photoanode (Figure S27a), and the
current curve of the DSSC is almost perpendicular to the x-axis
in the current—voltage plot (Figure S27b). Moreover, the J—V/
curve of the DSSC measured in the tandem cell position
(simulated solar irradiation filtered by the WO, photoanode) is
similar to the DSSC irradiated by the light directly. Therefore, if
the onset potential of the photocurrent shifts negatively, the
photoanode can get higher photocurrent at the operating
potential (U,,), where the U,, is defined as the potential
measured at the intersection of the PV and PEC cell curves.
Figure S27b shows the current—voltage curves of the as-
prepared electrodes. The difference among photoanodes still
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Figure 9. (a) Schematic and (b) output current of tandem cells
combined by DSSC- and WOj-based photoanode

exists in a two-electrode system, which is in agreement with the
results of the current—potential curves in a three-electrode
system (Figure 3a and 5a). The current density of the WO,/
Ga,0;/FeOOH sample is lower than that of WO,;/FeOOH at
low voltage, but higher when the external voltage is positive of
0.62 V. The current density at the intersection of different
photoanodes with the DSSC follows the trend: WO; < WO,/
Ga,0; < etch-WO; < WO;/FeOOH < WO;/Ga,0;/FeOOH
< etch-WO;/FeOOH. Figure S27c presents the photocurrent
from the various tandem cells without external voltage. The
current densities of the tandem cells are in accordance with the
results of LSV, which is WO; < etch-WO; < WO,;/FeOOH <
etch-WO;/FeOOH. The WO;/Ga,0; and WO;/Ga,0,/
FeOOH show better stability, and the current density of the
WO;3/Ga,0;/FeOOH sample is higher than that of WO,/
FeOOH and etch-WOQO;/FeOOH after irradiation of 20 and 60
s, respectively. After irradiation of 80 s, the output photocurrent
of WO;, etch-WO;, WO;/Ga,0;, WO;/FeOOH, etch-WO;/
FeOOH, and WO;/Ga,0;/FeOOH based tandem cell is 0.12,
0.17, 0.19, 0.24, 0.26, and 0.29 mA/cm?, respectively (Figure
9b). It indicates that output photocurrents were improved to
2.16- and 2.42-fold for etch-WO,;/FeOOH and WO;/Ga,0,/
FeOOH based tandem cell compared with the pristine WO,
based tandem cell.

3. CONCLUSION

In summary, etching, surface passivation, and electrocatalysts
have been used to investigate the effect of the interface and
surface on the PEC performance of WO; based photoanodes
and combined tandem cells. Etching can partially dissolve the
trapping sites on the surface, as well as increase the ECSA.

Loading electrocatalysts can decrease the kinetic overpotential.
Both treatments can lower the onset potential. Additionally,
after depositing a Ga,O; passivation layer, the WO;/Ga,0;
sample shows a slightly positive shift in the onset potential and
higher stability with increasing Ga,Oj; thickness. An additional
catalyst (FeOOH) was loaded on the WO;/Ga,0O; sample to
lower the onset potential, and the saturated photocurrent of
WO,;/Ga,0;/FeOOH is higher than that of WO;/FeOOH.
Both etching and surface passivation treatment decrease the
number of trapping sites on the surface of WOj;, which has a
synergistic effect with the electrocatalysts on the PEC
performance of a WOj-based electrode. Further, the as-
prepared WO;-based electrodes were combined with a DSSC
for fabricating tandem cells. The photoanode with more
negative onset potential can exhibit higher photocurrent density
in a tandem cell. WO;/Ga,0;/FeOOH shows better stability
than WO;/FeOOH in both single PEC and tandem cells.
Taken together, our results clearly indicate that tuning the
properties of the interface of the semiconductor/catalyst and
semiconductor/electrolyte is of particular importance for solar-
powered water oxidation. Meanwhile, it is possible to activate
the tandem cell’s water splitting capabilities by modifying the
surface of the photoelectrode.
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