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Photoelectrochemical (PEC) water splitting provides us a green way to convert and utilize solar energy.
In this work, Co-Pi was electrochemically deposited onto CuWOQOas nanoflakes (NFs) via a cyclic
voltammetry (CV) method to enhance the photocatalytic performance of CuWO4 toward PEC water
splitting. The results demonstrated that the photocurrent density as well as the charge-transfer efficiency
was improved within the entire potential range. Besides, the CuWOa4/Co-Pi exhibited an enhanced
stability over the bare CuWOs in the phosphate buffer solution (pH 7) and an extremely high Faradaic
efficiency (ca. 96%). Our work reveals that combination of CuWOa4 with Co-Pi is a feasible way to
further enhance the performance of CuWOQ4 photoanode toward PEC OER.
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1. INTRODUCTION

PEC water splitting is an effective approach to resolving the challenge of increasing demand for
sustainable energy. The overall water splitting consists of two key reactions: the oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER). The OER, a four-electron transfer process, is
believed to be thermodynamically and kinetically more challenging as compared to the HER [1,2]. The
two processes can be separately investigated via a PEC water splitting device [3]. In principle, n-type
semiconductor, whose valence band edge lies in a more positive potential than the H20/O2 oxidation
potential (1.23 V vs. normal hydrogen electrode (NHE)), can be employed as the candidate photoanode
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for PEC OER [4-9]. Copper tungstate (CuWOQsa) is a typical n-type semiconductor with a bandgap value
of ca. 2.3 eV [10-15], ensuring that solar light with a wavelength shorter than 540 nm can be absorbed.
Besides, the valence band edge of CuWOs is located at ca. 2.60 V vs. NHE [16], therefore the holes
generated in the valence band own enough driving force to oxidize water, thus making CuWOs a suitable
candidate photoanode for PEC OER. Moreover, CuWOs exhibits other advantages such as
environmentally friendly composition, high Faradaic efficiency [17], and outstanding stability within a
wide pH range (pH<9.5) during the chemical and photochemical course [10,12,17-20]. Over recent
years, CuWOs has attracted increasing attention in PEC water splitting [9-27].

For large-scale application as a photoanode, the photoactivity of CuWO4 toward PEC OER needs
to be further enhanced. Accordingly, it is highly desirable to find out and then overcome the dominant
limitations of CuWOu4 on the light-to-photocurrent conversion efficiency. Based on the previous find,
there exists severe charge-carrier recombination at the CuWOu/solution interface due to the slow kinetics
of the OER as well as the intrinsic low surface properties caused by the mid-gap states regarding the
localized Cu(3d) orbitals [16]. Modification of CuWO4 with oxygen-evolving cocatalysts (OECs) is a
feasible approach to addressing such issue since OECs exhibit superior capacity for efficiently capturing
the photoinduced holes [28,29]. Noble metal oxides like RuO2 [30] and 1rO2 [31] turn out as the most
effective OECs toward OER. Whereas, the high cost inhibits their further implement in practical use.
Among kinds of earth-abundant-composition and low-cost OECs including cobalt, iron, and nickel-
based materials [32-34], Co-Pi has become the most widely-used OECs coupled with n-type
semiconductor photoanodes such as ZnO [35,36], WOs [37], Fe20s [38-41], and BiVOs [42-44] to
enhance the efficiency of the overall water splitting. Once modified with Co-Pi, the electron—hole
recombination as well as the side reaction relative to the hole accumulation was partly suppressed, finally
leading to an enhancement in OER performance.

Up to now, few reports have focused on the facilitation of charge-transfer course across the
CuWOu/solution interface. Davi et al combined CuWO4 with a MNNCN-derived electrocatalyst, and a
12.5% increment of photocurrent density at 1.23 V vs. reversible hydrogen electrode (RHE) was
achieved [45]. Lhermitte et al deposited manganese phosphate (Mn-Pi) onto the surface of CuWO4, and
the onset potential for the OER was negatively shifted by ~100 mV [46]. Remarkable enhancement of
the photocurrent density was achieved on Mn-Pi and Co-Pi modified CuWO4/WO3 composite
photoanodes [47,48], which was 50% and 86% at 1.23 V vs. RHE, respectively. Whereas, the previous
report suggested that maybe it was WOs that mainly contributed to the great increase in the photocurrent
density [46]. Therefore, extensive efforts should be directed toward improving the charge-transfer
efficiency at the CuWOa/solution interface.

Herein, single-crystalline CuWO4 NFs were synthesized via a sacrificial-template method and
employed as the photoanodes for solar water oxidation. Co-Pi was electrochemically deposited onto
CuWOa4 NFs via a CV method to accelerate the charge transfer process. The result demonstrated that the
modification of CuWO4 with Co-Pi not only increased the photocurrent density but also enhanced the
charge-transfer efficiency within the entire potential range. Besides, the CuWQO4/Co-Pi photoanode
exhibited a better stability in the phosphate buffer solution (pH 7) over the bare CuWO4 and a high
Faradaic efficiency (ca. 96%). Our work reveals that combination of CuWQO4 NFs with Co-Pi is an
efficient way to further enhance the photocatalytic activity of CuWOa photoanode toward PEC OER.
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2. EXPERIMENTAL

2.1. Chemicals and substrates

Tungsten powder, isopropanol (CsHsO), hydrogen peroxide (H202), 20wt% Pt/C, acetonitrile
(C2H3N), urea (H2NCONHy), oxalic acid (H2C204), hydrochloric acid (HCI), tungstic acid (H2WO4),
acetic acid (C2H40O2) were purchased from Beijing Chemical Works. Cupric nitrate trihydrate
(Cu(NOs3)2:3H20), cobalt chloride hexahydrate (CoCl2:6H20) were purchased from Sinopharm
Chemical Reagent Co., Ltd. All chemicals were analytically pure grade and used as received. Fluorine-
doped tin oxide (FTO) substrates (F:SnO2, 8 Q-sq %, transparency 80%) were provided by Asahi Glass,
Japan.

2.2. Preparation of WO3 NF arrays

Tungsten powder (2 g) was dissolved in 10 mL of 30% hydrogen peroxide solution, and after the
exothermic reaction ended, the resulting solution was diluted by adding 30 mL of isopropanol and 100
mL of deionized water to acquire the working electrolyte for the electrochemical deposition of WO3
nanoseeds. The electrodeposition was conducted on a CHI 660E work station (CH Instruments Co.) with
a conventional three-electrode cell, where a clean piece of FTO glass, a Pt mesh and a saturated calomel
electrode (SCE) were used as the working, counter, and reference electrodes, respectively. The
electrodeposition of WO3 nanoseeds was carried out on the FTO glass via a two-step-potential deposition
method, first at —0.40 V vs. SCE for 300 seconds and then 0.20 V vs. SCE for 15 seconds. After
deposition, the nanoseeds-modified FTO substrates were sequentially washed with ethanol and water,
then annealed in air at 450 °C for 30 minutes. The WOs NF films were obtained via a hydrothermal
process. A mixture of 20 mg of urea, 20 mg of oxalic acid, 0.5 mL of 6 M HCI, 12.5 mL of acetonitrile,
and 3.0 mL of 0.05 M H2WO4 was used to form the hydrothermal solution and then transferred to a 50
mL Teflon-lined stainless-steel autoclave. The WOs-nanoseeds-modified FTO substrates were placed at
an angle against the inside wall with the conductive sides facing down. The hydrothermal reaction was
carried out at 180°C for 2 hours, and the resulting WO3 NFs were first rinsed with high-purity water and
then blow-dried at room temperature in N2 stream.

2.3. Synthesis of CuWOa4 NF arrays

CuWOs NF arrays were synthesized through a thermal solid-state reaction with the WOs NFs
employed as sacrificial templates. In detail, Cu(NOs)2-3H20 (0.725g) was dissolved in 30 mL acetic
acid to obtain a 0.1 M solution. The resulting solution was drop cast onto the surfaces of the WO3 NF
templates (100 uL. amount corresponds to an area of 3 cm X 1 cm) and being dried in air at room
temperature. The drop-casting and drying procedures were repeated twice, and then the samples were
subjected to a thermal treatment conducted in a muffle furnace at 550 °C for 1.5 hours. After annealing,
a mixture of CuWOa4 and copper oxides was obtained. By immersing in 0.5 M HCI for 30 minutes to
remove the copper oxides, the pure CuWOa4 NF arrays were finally acquired.
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2.4. Electrodeposition of Co-Pi onto CuWOa4 NF arrays

The Co-Pi layer was deposited onto CuWOa4 NFs via a CV method. In detail, the deposition was
conducted for required cycles within the potential range from -0.04 V to 1.15 V (vs. SCE) at a sweep
rate of 50 mV s in 0.1 M KH2PO4/K2HPO4 (KPi) buffer solution (pH 7) containing 0.5 mM CoCl..
Note that the deposition solution was freshly prepared for each experiment.

2.5. Characterization

The crystal structures of the CuWO4 and CuWOa4/Co-Pi photoanodes were characterized by X-
ray diffraction (XRD) (Rigaku, rint2000 advance theta-2theta powder diffractometer) with Cu Ka
radiation. The morphological characterization and energy dispersive X-ray spectra (EDS) were
conducted on a Hitachi S-4800 field emission scanning electron microscope (FESEM) with an
accelerating voltage of 5 kVV. A Shimadzu 3600 UV-vis—NIR spectrophotometer was employed to
collect the UV-vis diffuse reflection spectra. X-ray photoelectron spectroscopic (XPS) data were
obtained on a Kratos AXIS Ultra DLD (Kratos Analytical Ltd, Japan) at a power of 150 W using Mg-
monochromatic X-ray. All the binding energies were calibrated with the C 1s peak at 284.8 eV as the
reference.

2.6. Electrochemical, photoelectrochemical, and oxygen detection measurements

All the electrochemical and PEC measurements were carried out on a CHI 660E work station
(CH Instruments Co.) with a conventional three-electrode configuration, where the CuWOs or
CuWOa4/Co-Pi photoanode, a Pt mesh and a saturated calomel electrode (SCE) served as the working,
counter, and reference electrodes, respectively. In the linear sweep voltammetry (LSV), incident photon-
to-current efficiency (IPCE), and electrochemical impedance spectroscopic (EIS) measurement, the
photoanode was illuminated from the front side with an exposure area of 0.21 cm?and an incident light
intensity of 100 mW-cm2 provided by a 300 W xenon lamp. The data of IPCE were collected by
measuring photocurrent densities at applied biases of 0.85 and 1.23 V vs. RHE under monochromatic
light within the wavelength range from 350 to 600 nm. The detailed values were calculated using the
following equation [49]:

IPCE = (1240J)/(\Light) x 100% (1)

Where A stands for the wavelength of the incident light (nm), J is the photocurrent density
(mA-cm 2) obtained under the monochromatic light illumination with a certain wavelength, and light
refers to the intensity of the incident light (mW-cm2). Stability measurement was performed at 1.25 V
vs. RHE with an area of 1 cm? exposed to illumination (150 mW-cm™2). The generated oxygen during
the stability measurement was pumped into a sample loop every 30 minutes and further quantified via a
gas chromatography (Shimadzu GC-2014c) equipped with a thermal conductivity detector (TCD).
Before test, the PEC cell was purged with high-purity N2 for 30 minutes to exclude the dissolved oxygen
in the solution. All the electrochemical and PEC measurements were conducted in 0.1 M KPi buffer
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solution (pH 7) with or without the addition of 0.1 M Na2SOs. All potentials in the work were measured
against a SCE reference and converted to RHE potentials on the basis of the following equation [18]:
ErHE = Esce + 0.0571*pH + 0.241 (2)

3. RESULTS AND DISCUSSION

A typical SEM image of the CuWO4 NFs is shown in Fig. 1a. The CuWO4 sample presents a
network structure composed of densely-grown and cross-intersected NFs perpendicular to the FTO
substrate. This network structure with a large specific surface area favors not only the absorption of the
incident light but also the transport of charge carriers, both leading to the superior photocatalytic activity
toward PEC OER [18,19]. Fig. 1b shows the typical SEM image of the CuWO4/Co-Pi sample. It can be
seen that the network structure was maintained after Co-Pi deposition. While the surface of the sample
became rougher, and the average thickness of the NFs became larger with the value increasing from ca.
65 nm to 75 nm (Fig. 1d and e show the detailed thickness distribution), indicating a thin layer of Co-Pi
was deposited onto the CuWOa4 NFs. The result of EDS analysis displayed in Fig. 1c further demonstrates
the presence of Co-Pi, as the signals of the element Co, P, Cu, W, and O are clearly identified in the EDS
spectra. The crystal structures of the CuWOa4 NFs before and after Co-Pi modification were characterized
by XRD measurement. As shown in Fig. 1f, the XRD patterns of the two samples well match that of the
representative triclinic CuWOa4 phase (PDF 73-1823) [19]. All the data demonstrate that the deposition
of Co-Pi does not cause an appreciable crystal structural change. Given the amorphous nature of Co-Pi
[32], It is reasonable to understand that information about Co-Pi was hardly detected in the XRD
measurement.
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Figure 1. Typical SEM images of (a) CuWOasand (b) CuwWO4/Co-Pi. (c) EDS spectra of CuWO4/Co-Pi;
the inset shows the enlargement of EDS spectra in the range between 0.35 and 1.20 KeV (CPS,
counts per second). The corresponding thickness distribution histograms of (d) CuWOs and (e)
CuWO4/Co-Pi (f) XRD patterns of CuWO4 and CuWO4/Co-Pi.
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XPS measurement was conducted to gain insights into the detailed elemental composition and
binding state for the CuWO4/Co-Pi sample. The obtained survey scan and corresponding high-resolution
spectra of Co 2p, P 2p are displayed in Fig. 2a, b, and c, respectively. The CuWO4/Co-Pi sample is
mainly composed of Cu, W, O, Co, P elements in addition to residual C, and the specific atomic ratio of
Co to P is 23.36%:11.07%, nearly 2:1, consistent with the previous finding [32]. The relatively low
contents of Cu (11.31%) and W (11.58%) detected here are primarily due to the limited penetration depth
(~7 nm) of XPS measurement [42], suggesting that the elemental signals mainly came from the Co-Pi
layer (~5 nm) wrapped around CuWOa. For the high-resolution spectrum of Co 2p, two characteristic
peaks presented at ca. 781 and 797 eV are attributed to Co?* and Co** binding to oxygen, respectively
[32,35,42]. While the typical peak at ca. 133.1 eV of P 2p spectrum corresponds well to the phosphate
[32,35,42].
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Figure 2. (a) XPS survey scan of the CuWO4/Co-Pi sample; the corresponding high-resolution spectra
of (b) Co 2p, and (c) P 2p.

CV measurements conducted on the CuWO4 and CuWO4/Co-Pi samples also provide the
evidence for the successful deposition of Co-Pi, and the detailed results are shown in Fig. 3a. For
comparison, CV curves obtained on the FTO and FTO/Co-Pi samples are displayed here as well. When
coupled with Co-Pi, the CV curves of both the CuWO4/Co-Pi and FTO/Co-Pi exhibit almost the same
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oxidation and reduction characteristics. In detail, shoulder-like oxidation peaks due to the oxidation of
Co?* to Co®" appear on both samples during the positive sweep [32,38,39], and much larger oxidation
currents are observed as the potential becomes more positive, which arise from the catalytic oxidation
of water to oxygen by Co-Pi [32,38,39]. During the negative sweep, broad cathodic peaks starting from
1.60 to 1.10 V vs. RHE are presented, and the peaks are correlated with the reduction of Co3* back to
Co%*[32,38,39], considering the reduction of water to hydrogen is thermodynamically impossible within
the potential window [50,51].

1.2
(@) —CuWOs 3.0(b) —FTO
g 10 —CuWO4/Co-Pi [|7, ] —FTO/Co-Pi
S g~
< 0.8 2
E | < 2.0+
2061 E
2 Z15]
£0.4 z
s 2 1.4
E0.2] T ]
E £0.5]
g0, ;;: 7]
0.2] 00
04 06 08 10 12 14 16 18 04 06 08 10 12 14 16 18
Potential (V vs. RHE) Potential (V vs. RHE)

Figure 3. Cyclic voltammograms (CV) of (a) the CuWO4 and CuWO4/Co-Pi samples and (b) the FTO
and FTO/Co-Pi samples at a potential sweep rate of 50 mV-s** under dark condition.
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Figure 4. (a) J-V curves of the FTO and FTO/Co-Pi samples at a potential sweep rate of 10 mV-s* with
or without illumination (100 mW-cm). (b) Nyquist plots of the FTO/Co-Pi sample at potentials
of 1.25, 1.45, and1.65 V vs. RHE with or without illumination (100 mW-cm2).

The photo-response behavior of Co-Pi was investigated by comparing the LSV curves recorded
under dark and light conditions, and the results are shown in Fig. 4a. The current density versus potential
(J-V) curves of Co-Pi with and without illumination nearly coincide with each other, revealing that Co-
Pi does not show any photoactivity. The result is also supported by the EIS measurement. As shown in
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Fig. 4b, the Nyquist plots obtained at 1.25, 1.45, and 1.65 V vs. RHE under dark and light conditions are
almost identical to each other, meaning the reaction resistances keep constant before and after
illumination. These results are quite different from those of a semiconductor, since the reaction resistance
for a semiconductor would decrease dramatically when given the light due to the generation of
photoinduced carriers. Note that all potentials chose here fulfill the requirement to trigger the OER.
Although Co-Pi does not show any photoactivity, it serves as an excellent cocatalyst for PEC
OER when coupled with a photoanode. As previously reported, an improvement in the charge-transfer
rate at the electrode/solution interface as well as an enhancement in the photoactivity toward PEC OER
was achieved via Co-Pi modification [35-44]. Fig. 5a depicts the J-V curves of the CuwO4 and
CuWO4/Co-Pi samples in 0.1 M KPi buffer solution (pH 7) under continuous illumination (100 mW-cm-
2), Considering no obvious currents were generated on all the samples in the dark condition within the
potential range from 0.65 to 1.25 V vs. RHE, we just displayed the photocurrent-potential curves here.
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Figure 5. (a) J-V curves of the CuWO4 and CuWO4/Co-Pi samples with different deposition cycles
under light condition (100 mW-cm2). (b) IPCE values of the CuWOQOs and CuWO./Co-Pi (50
cycles) samples at applied potentials of 0.85 and 1.23 V vs. RHE. (c) J-V curves of the CUWO4
and CuWOu4/Co-Pi (50 cycles) samples in contact with 0.1 M KPi buffer solution (pH 7) with or
without 0.1 M Na2SOs under dark and light conditions (100 mW-cm). (d) Interfacial charge-
transfer efficiencies for the CuWO4 and CuWOs4 /Co-Pi (50 cycles) samples at different working
potentials.

As shown, all the Co-Pi-modified CuWO4 samples exhibit improved photoactivities over the
bare CuWOQ4 toward PEC OER, with the CuWOa4/Co-Pi prepared under 50 deposition cycles revealing
the maximum activity. In detailed, at 1.23 V vs. RHE, a 24% increase in the photocurrent density from
0.34 mA-cmto 0.42 mA-cm2 was achieved via Co-Pi modification. Herein, we believe the dependency
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between the deposition cycle and photoactivity is due to the two opposite effects brought by the
deposited Co-Pi layer. One is more active sites can be created with the increase of Co-Pi deposition
cycle, which favors PEC OER; The other is the longer distance for the charge carrier to transport to the
electrode/solution interface with Co-Pi layer being thicker, which is against PEC OER. Therefore, the
highest activity of the CuWO4/Co-Pi under 50 deposition cycles is the result of the balance between the
two contrary effects.

The results of the IPCE measurements for both samples under applied potentials of 0.85 and 1.23
V vs. RHE are presented in Fig. 5b. The IPCE values of CuWOg4 at 0.85 V vs. RHE are almost 0% within
the entire wavelength range, while an observable increment in the IPCE values at this potential was
achieved after Co-Pi modification. These results agree well with the J-V curves displayed in Fig.5a,
where no apparent photocurrent was generated on the bare CuWOas at 0.85 V vs. RHE, but appreciable
photocurrent was perceived on the CuWO4/Co-Pi sample. The similar enhancement effect was also
achieved at 1.23 V vs. RHE with all the IPCE values of the CuWO4/Co-Pi sample higher than those of
the bare CuWOa. These results undoubtedly demonstrate that an enhanced photoactivity for CUWO4
toward PEC OER was achieved via Co-Pi modification.

In order to quantify the charge-transfer efficiency (7ct) at the electrode/solution interface, PEC
experiments in 0.1 M KPi buffer solution (pH 7) containing 0.1 M Na2SOs were conducted. Na2SOs is
well known as an efficient hole scavenger with the capacity for rapidly consuming photogenerated holes
to oxidize itself to Na2SOs, which results in the #ct can be considered as approximately 100% in the
presence of Na2SO3[52,53]. Accordingly, the #ct of a certain photoanode for PEC OER can be calculated
using the following equation (3):

et = Joer/INazsos (3)

Where the Joer represents the value of the current density for PEC OER, and the Jnaz2sos stands
for the corresponding value for oxidation of Na2SOs. Notable is that all the values are calculated by
subtracting the dark current density from the total current density. As shown in Fig. 5¢c, much higher
values of the photocurrent density were achieved in the presence of Na2SOs due to the elimination of
surface recombination. Besides, a more negative onset potential (ca. 0.60 V vs. RHE) for the OER was
presented. Fig. 5d shows the variation of 7ct as a function of the applied potential, and from it we see
that the #ct value of the bare CuWOQ4 exhibits a quite low value of ca. 4% near the onset potential region
(0.80 V vs. RHE) and gradually increases with the applied potential being more positive. However, even
at 1.25 V vs. RHE, the #ct just reaches a value of ca. 52%, definitely revealing that a severe charge-
carrier recombination exists at the CuWOua/solution interface and consequently causes a serious
photocurrent loss. After modification with Co-Pi, the #ct values of the CuWO4/Co-Pi were increased
within the potential region from 0.80 to 1.25 V vs. RHE. For instance, the #ctwas shifted from ca. 52%
to 65% at 1.25 V vs. RHE, suggesting that the surface recombination was partly suppressed by Co-Pi.
All the data above definitely prove that adding Co-Pi improves the charge-transfer efficiency and thus
leads to an enhanced PEC performance. Whereas, the photocurrent density obtained in the presence of
Naz2SOs is much larger than that of the CuWO4/Co-Pi, which shows that there still exists a huge room
for the improvement in the photocurrent density.

Co-Pi is a widely-used OEC coupled with other common photoanode materials including ZnO
[35], WOs [37], Fe203 [38-41], BiVVOa4 [42,43]. As reported previously, when modified with Co-Pi, the
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onset potentials for PEC OER could be even shifted close to the flat-band potentials [38]. Besides, the
photocurrent densities at a certain potential could be improved by over 2 times [37,42,43]. While the
enhancement effect achieved here for CuWOa4 photoanode is just moderate. These differences indicate
that maybe the effect of a certain cocatalyst is dependent on the nature of the employed photoanode.
Herein, we made a detailed comparison of the effect of Co-Pi OEC on CuWO4 and other photoanodes,
and the results are summarized in the Table. 1 below.

Table 1. Enhancement effects achieved on a photoanode via Co-Pi modification reported in the

literatures
Joh (MA cm?) at potential (V vs. RHE) Onset potential (V vs. RHE)

Ref. Photoanode
Before After Before After
This work CuWOq4 0.34(1.23V) 0.42 (1.23 V) 0.80 0.77
35 ZnO 0.02 (1.08 V) 0.03 (1.08 V) 0.48 0.25
37 WO3 0.07 (0.81V) 0.14 (0.81 V) 0.58 0.41
38 Fe20s 0.30 (1.23 V) 0.50 (1.23 V) 1.00 0.65
40 Fe203 1.50 (1.23 V) 2.00 (1.23V) 1.00 0.83
41 Fe203 1.40 (1.23 V) 2.20 (1.23V) 1.00 0.88
42 BiVO4 0.18 (1.16 V) 0.42 (1.16 V) 0.72 0.55
43 BiVO4 0.60 (1.23 V) 1.60 (1.23 V) 0.72 0.70

Jph represents the value of the photocurrent density obtained on a certain photoanode

Apart from the photocurrent density, long-term stability is also a crucial criterion to assess a
photoanode material. Hence, chronoamperometric measurements for both photoanodes were carried out
at an applied potential of 1.25 V vs. RHE with an exposure area of ~1 cm? under continuous illumination
(150 mW-cm). During the measurement, the amount of evolved oxygen was detected every 30 minutes
via a gas chromatography. As shown in Fig. 6a, the CuWO4 photoanode shows a moderate stability in
0.1 M KPi buffer solution (pH 7) with a decrease in the photocurrent density from the initial value (0.55
mA-cm2) to the final value (0.40 mA-cm) after 4 hours’ reaction. As for the CuWO4/Co-Pi sample,
only a slight decrease in the photocurrent density from 0.67 to 0.62 mA-cm is observed, suggesting
that an enhanced stability for CuWOas in KPi solution was achieved upon coupled with Co-Pi. A
prominent stability means a steady enhancement in photoactivity via Co-Pi modification, which may
probably be ascribed to the good adhesion between CuWOs and Co-Pi as well as the self-healing
mechanism for Co-Pi in phosphate solution [54]. Fig. 6b shows the detailed results of the theoretical and
actual amount of oxygen generated on both photoanodes, and the former value was calculated by
assuming that all the photocurrents were produced from the OER. As shown, only a tiny deviation exists
between the actual and theoretical value for the two photoanodes, suggesting that nearly all the
photocurrents are contributed to the OER rather than some other side reactions. Faradaic efficiency can
be derived from the value of the ratio between the actual and theoretical amount of O2[55], which is ca.
96% for both photoanodes. Exhibiting high Faradaic efficiency is definitely an outstanding merit for a
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certain photoanode, especially when used to oxidize water to produce oxygen. Furthermore, the larger
slope value of CuWOu4/Co-Pi than CuWO4 also provides a strong authentication that modification with
Co-Pi results in a better PEC performance, considering that the slope value can reflect the OER rate [55].

0.8 25
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Figure 6. (a) Current density-time responses of the CuwWO4 and CuWOa4/Co-Pi (50 cycles) samples at
the potential of 1.25 V vs. RHE under continuous illumination (150 mW-cm). (b) The detected
and calculated amount of generated oxygen for the CuWO4 and CuWOa4/Co-Pi samples.

Mechanism of the photoactivity enhancement via Co-Pi is illustrated in Fig. 7. When exposed to
light, electron-hole pairs were generated in CuWO4 photoanode. Due to the slow kinetics of water
oxidation, the hole-transfer rate across CuWOua/solution interface was limited. Meanwhile, the electron-
hole pairs were continuously generated, therefore the recombination inevitably happened. Once Co-Pi
was deposited onto the surface, it rapidly captured the photogenerated holes to oxidize Co?* to its higher-
valence-state ions like Co®* and Co** with high activity to drive the OER [32,50,51], and accordingly
reduced the propensity of surface charge recombination. Moreover, the Co®* and Co** would be reduced
back to the pristine Co?* during the OER, ensuring a continuous enhancement in photoactivity via the
oxidation-reduction cycle between Co?* and Co®*4*.

CuWO4 CuWO+4
o666 999' o 660 c6Y
CB % CB - i
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= = Pp 6
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Figure 7. Schematic illustration of the charge-transfer mechanism for Co-Pi-modified CuWO4 during
illumination.
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4. CONCLUSIONS

In summary, Co-Pi as an efficient cocatalyst was electrodeposited onto CuWO4 NFs via a CV
method to further enhance the photocatalytic activity of CuWOs toward PEC OER. After Co-Pi
modification, the photocurrent density as well as the charge-transfer efficiency was improved within the
entire potential range. Besides, the CuWO4/Co-Pi composite photoanode exhibited an enhanced stability
toward PEC OER over the bare CuWOs in the phosphate buffer solution (pH 7) and a high Faradaic
efficiency of ca. 96%. Our work demonstrates that the combination of CuWO4 with Co-Pi is an efficient
way to promote the performance of CuWOs for solar water splitting.
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