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Crystalline FeVO4 nanopolyhedron (FVO NPH) photoelectrodes
are successfully prepared by using an in situ solid-state trans-
formation from hydrothermal FeOOH films via adding vanadium
precursor and following thermal treatments. The FVO NPH
photoelectrodes possess uniformly dispersed polyhedral nano-
crystals that directly grow on the conductive substrate with
tunable film thicknesses. The unique morphology enables an
outstanding photo-electrocatalytic performance, and the opti-
mized FVO NPH photoelectrode, which was annealed at 550 °C
for 4 h with a film thickness of ~560 nm, exhibits excellent
photocurrent densities of ~0.47 and ~0.68 mAcm� 2 at 1.0 and

1.2 V vs. Ag/AgCl, respectively. After decorating CoPi co-catalyst,
FVO/CoPi shows a highly efficient water splitting performance
with O2 and H2 evolution rates of 7.53 and 15.32 μmolcm� 2h� 1,
respectively, which are ~1.88 and ~1.80 times, respectively, of
these of the FVO NPH. The proposed photoelectrodes also
show excellently chemical and physical stabilities in solar water
splitting. This is the first time reported the preparation of well-
organized nanostructured FeVO4 films, which warrants further
optimization studies on morphologies and compositions of
FeVO4-based photoelectrodes.

Introduction

Photo-electrocatalysis based on light excited semiconductor is
one of the most promising technologies that can be used for
water splitting and environmental remediation, among others,
which are of high importance for the sustainable development
of humanity.[1,2] At the core of photo-electrocatalysis is the
photoelectrode, and a lot of efforts have been concentrated on
developing efficient photoelectrode materials,[3] among which
materials with narrow band gap are more desirable candidates
for practical implementations because photons of solar energy
have a wide energy distribution, and high-energy photons, such
as ultraviolet and near-ultraviolet, occupy only a small ratio (<
5%).[4] Therefore, research interest in highly visible-light-active
photoelectrodes has never ceased.[5–7]

Triclinic ferric vanadate (FeVO4), a ternary Fe-based metal
oxide, which consists of abundant earth elements, is reported
as a n-type semiconductor that possesses a favorable band gap
around 2.0–2.1 eV that allows absorption of visible light up to

~600 nm.[8–10] This makes it able to deliver a theoretical possible
photocurrent density of ~12.9 mAcm� 2 and corresponding
solar-to-hydrogen efficiency of ~15.9% for solar water splitting.
In addition, it has a sufficiently low valence band that can
generate high energy holes for water oxidation and degrada-
tion of organic compounds.[11] Therefore, it is an especially
promising photoelectrode material for photo-electrocatalytic
(PEC) applications. Nonetheless, there are only a few works to
date that report the PEC utilization of FeVO4

photoelectrodes,[8–11] which can be due to the poor develop-
ment of methods for preparing nanostructured FeVO4 films.

It is well recognized that unique nanostructured electrodes
with well-ordered nanocrystals, such as nanorods, nanowires,
and nanosheets, are preferred because they can facilitate the
charge collection and transport.[12] The reported methods to
prepare FeVO4 photoelectrodes include drop casting,[9] spray
pyrolysis,[10] and sol-gel method.[11] The obtained morphologies
are compact, porous, or stacked rough particles. However, these
structures are not favorable for the separation of electron/hole
pairs and interfacial charge transport. More importantly, FeVO4

suffers from poor bulk charge transport and small space–charge
width,[11] which make the PEC activity of FeVO4 photoelectrode
even more dependent on its nanostructure. Therefore, it is
highly desirable to develop a new synthetic method for
preparing nanostructured FeVO4 photoelectrodes to optimize
its PEC performance for water splitting and wastewater treat-
ment.

In this work, we developed a facile and effective synthetic
strategy to fabricate uniquely nanostructured FeVO4 photo-
electrode, which had uniformly dispersed polyhedral nano-
crystal. First, hydrothermal FeOOH nanorod array (NAR) films
were prepared on fluorine-doped tin oxide (FTO)-coated glass,
which were then drop-cast with vanadium acetylacetonate and
converted to FeVO4 films by an in situ solid-state transformation
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under heat treatment. After removing excess vanadium oxide, a
FeVO4 nanopolyhedron (FVO NPH) photoelectrode was ob-
tained. The film thickness can be tailored by adjusting the
hydrothermal duration of FeOOH NAR films. The effects of
annealing temperature and duration on the physicochemical
and PEC properties of FVO NPH photoelectrodes were studied
in detail. Significantly, the proposed FVO NPH photoelectrode
showed stable and excellent PEC performance. Enhanced water
splitting performance was further achieved by decorating
oxygen evolution catalysts.

Results and Discussion

Synthesis and characterization of the FVO NPH
photoelectrode

Nanostructured photoelectrodes with unique morphology have
been intensively studied and considered as promising candi-
dates for potential practical PEC implementations.[12,13] However,
a nanostructured FeVO4 photoelectrode has not been reported
to date. Here, a strategy of in situ solid-state transformation is
developed for synthesizing a FeVO4 photoelectrode that has
uniformly dispersed polyhedral nanocrystals grown on a FTO
substrate. The synthesis procedure used in this study is
summarized in Figure 1. The first step was hydrothermal
preparation of FeOOH nanorod array (NAR) films (Figures 1a
and 2a and Figure S1 in the Supporting Information).[14] This is a
mature method that has been widely studied and the
morphology of the film can be easily tuned by the hydro-
thermal duration. The obtained FeOOH NAR film had a thick-
ness of ~410 nm, and the average diameter of the FeOOH
nanorods was ~50 nm. The second step was the conversion of
FeOOH to FeVO4 by a solid-state reaction, which was achieved
by adding a liquid vanadium precursor (DMSO solution
containing vanadium acetylacetonate (VO(acac)2)) on the
FeOOH NAR film surface and then drying (Figure 1b).The
obtained blackish green sample was annealed in air to ensure
complete solid-state reaction, which changed the sample into a
gold yellow film (insert of Figure 1c). The annealing procedure
resulted in the decomposition of FeOOH into Fe2O3 and H2O,
which vaporizes, and VO(acac)2) was converted to V2O5. After

the solvent was evaporated and sublimed, only the remaining
Fe2O3 and V2O5 could react to form FeVO4. Due to the excess
amount of vanadium precursor added, the resulting film
contained extra vanadium oxide as an impurity phase, which
was removed by soaking the film in NaOH solution. After the
soaking process, a smooth, transparent, orange film was
achieved (insert of Figure 1d).

The characterization of the morphology indicates that after
the in situ solid-state transformation, the morphology of the
film changed into nanopolyhedra with a smooth grain surface
and a size of 100–450 nm (Figure 2b, c, e, and f), which
uniformly stack on the FTO surface with a film thickness of
~560 nm (Figure S2 and d). Table S1 summarizes the morphol-
ogies of the reported FeVO4 films, which were composed of
stacked rough particles or a dense film. Therefore, this is the
first time reported the uniform and regularly nanostructured
FeVO4 film, which compares favorably with other reported pure
FeVO4 photoelectrodes. The X-ray diffraction (XRD) pattern
(Figure 3a) shows that, except for the diffraction peaks of SnO2

from the FTO substrate, all characteristic peaks are indexed to
triclinic FeVO4 (JCPDS 38-1372), which corresponds to the
selected area electron diffraction (SAED) pattern shown in
Figure 2f.[15] And also, no hematite (α-Fe2O3) peaks are present.
This result indicates the film consists of pure FeVO4. The Raman
spectrum of the film (Figure 3b) shows all characteristic peaks
of triclinic FeVO4,

[16] including symmetric vibrations of V� O� Fe
at 471 and 497 cm� 1; asymmetric vibrations of V� O� Fe at 631
and 659 cm� 1; asymmetric vibrations of V=O at 735, 770, 831,
846, and 909 cm� 1; and symmetric vibrations of V=O at 893,
932, and 965 cm� 1. This result further demonstrates that the
obtained film consists of pure FeVO4. Therefore, the obtained
film is denoted as FeVO4 nanopolyhedron (FVO NPH) photo-
electrode. High-resolution TEM images (Figure 2g and h) show
continuous lattice fringes, further verifying that the FVO NPH is
a single crystal. The interplanar spacing of ~0.233 nm is
measured and consistent with the (220) crystal plane of triclinic
FeVO4.

[11] The energy disperse spectroscopy (EDS) mapping of
the FVO NPH (Figure 2i) further shows the homogenous
distribution of Fe, V, and O, and the element analysis (Figure 2j)
indicates that the molar ratio of Fe/V is nearly 1 : 1, which is also
in accordance with the elemental composition of FeVO4.

The XPS survey spectrum (Figure 4a) shows that the FVO
NPH photoelectrode consists of Fe, V, and O. The appearance of
Sn should be due to the porous structure of the film, which
exposes the FTO substrate, and C should be attributed to
surface-absorbed CO2. The core-level XPS spectrum of Fe2p
(Figure 4b) comprises two peaks at 710.8 and 725.6 eV, which
are attributed to Fe2p3/2 and Fe2p1/2 signals of Fe3+ species,
respectively.[9] The satellite peak at 719.2 eV further demon-
strates the existence of Fe3+.[17] As shown in Figure 4c, the
doublet peaks of V2p1/2 and V2p3/2 are observed at 524.2 and
516.7 eV, respectively. For the core-level XPS spectrum of O1 s,
the asymmetric peak can be deconvoluted into two peaks at
529.2 and 531.2 eV, which could be due to surface-absorbed
H2O and lattice oxygen, respectively.[9] The XPS test further
reveals that the valence band edge of the FVO NPH photo-
electrode is ~1.2 eV (Figure 4d). Generally, these results demon-Figure 1. Synthesis of the FVO NPH photoelectrode.
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strate that the proposed synthesis method successively resulted
in the formation of a FVO NPH photoelectrode with high purity
and a unique nanostructure.

As shown in Figure 5a, the FVO NPH photoelectrode has
good visible light absorption with an absorption edge of
~610 nm, which is in accordance with the orange color of the
film (Figure 1d). As the F–V oxides possess distinct ‘direct’ band
gap (Eg) and ‘indirect’ band gap,[11,18] two types of Tauc plots for
the calculation of band gap energy are shown in Figure 5b and
c, which indicate that the FVO NPH photoelectrode shows a
‘direct’ band gap at ~2.2 eV and an ‘indirect’ band gap at
~1.9 eV, enabling a wide range of visible-light absorption. This
result agrees with the reported values in the literature.[10,11,18]

As aforementioned, the proposed new method used a
hydrothermally synthesized FeOOH NAR film as a precursor,
which has an adjustable thickness by regulating the duration of
the hydrothermal reaction. As shown in Figure 6a and b, a
FeOOH NAR film with a film thickness of ~240 nm was obtained
after a hydrothermal reaction of 1 h. After the solid-state
reaction and washing, a FVO NPH photoelectrode was also
obtained (Figure 6c), which had particle sizes of 50–300 nm and
a film thickness of ~290 nm (Figure 6d). When extending the
hydrothermal reaction time to 12 h, a FeOOH NAR film with a
film thickness of ~540 nm was obtained (Figure 6e and f), based
on which a FVO NPH photoelectrode with particle sizes of 100–
550 nm was obtained, and the film thickness increased to
790 nm. Therefore, these results reveal that the morphology of
the FVO NPH photoelectrode is also tunable by adjusting the
morphology of the precursor. In order to facilitate comparison,
the FVO NPH photoelectrodes with film thicknesses of 290, 560,

Figure 2. SEM images of (a) FeOOH NAR film and (b,c) FVO NPH photoelectrode. (d) Cross-sectional view SEM image of the FVO NPH photoelectrode.
(e, f) TEM images of FVO NPH. (g,h) High-resolution TEM images of FVO NPH. (i) EDS mapping of FVO NPH in TEM mode. (j) Analysis of the EDS results. Insert
of (a) is the cross-sectional view of the FeOOH NAR film. Insert of (f) is the corresponding SAED pattern of the FVO NPH.

Figure 3. (a) XRD pattern and (b) Raman spectrum of the FVO NPH photo-
electrode.

Figure 4. (a) XPS survey spectrum of the FVO NPH photoelectrode. High-
resolution XPS results of (b) Fe and (c) O and V. (d) Detected valence band of
the FVO NPH photoelectrode.
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and 790 nm are denoted as FVO-a, FVO-b and FVO-c,
respectively, hereafter.

PEC performance of the FVO NPH photoelectrode

The PEC properties of the FVO NPH photoelectrodes were first
evaluated by linear sweep voltammetry (LSV), chronoamperom-
etry (current density-time (J-t)), and incident photon-to-current
conversion efficiency (IPCE) as shown in Figure 7. As shown in
Figure 7a, the FVO NPH photoelectrodes show excellent photo-
current response under AM 1.5 illumination. The onset potential

is ~0.25 V vs. Ag/AgCl, and the photocurrent density increases
gradually along with an increase in potential. FVO-b shows
optimized performance with photocurrent densities of ~0.29
and ~0.43 mAcm� 2 at 1.0 and 1.2 V vs. Ag/AgCl, respectively.
The IPCE measurement (Figure 7b) shows a clear wavelength
dependence of the photocurrent generation of the FVO NPH
photoelectrodes. The photoelectric response edge is ~610 nm,
and FVO-b exhibits the highest photoconversion efficiency. An
IPCE value of ~12% is achieved at 400 nm for the FVO-b,
whereas it is only ~4.3% for FVO-a and ~9.1% for FVO-c.
Generally, the film thickness affects the light absorption and
charge transfer in the bulk.[19] When increasing the film thick-

Figure 5. (a) UV/Vis absorption spectrum and (b, c) Tauc plots of the FVO NPH photoelectrode.

Figure 6. (a, e) Top-view SEM images, and (b, f) cross-sectional view SEM images of the FeOOH NAR films prepared for hydrothermal reaction times of 1 and
12 h, respectively. (c,g) Top-view SEM images, and (d,h) cross-sectional view SEM images of the corresponding FVO NPH photoelectrodes.

Figure 7. (a) Chopped LSV, and (b) IPCE curves (1.0 V vs. the Ag/AgCl) of the FVO NPH photoelectrodes, measured under AM 1.5 illumination from the front
side.
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ness, the photon absorption should be increased, generating
more photogenerated charges. However, the charge resistance
of the film should be also increased, which in turn affects the
charge transfer. Therefore, a suitable film thickness is essential
for the PEC performance of the photoelectrode, and 560 nm
should be an optimized film thickness for the FVO NPH
photoelectrode.

The charge transfer and surface recombination kinetics of
the FVO NPH photoelectrodes were quantified by intensity
modulated photocurrent spectroscopy (IMPS) and intensity-
modulated photovoltage spectroscopy (IMVS). These measure-
ments were carried out by superimposing an AC perturbation
of the light intensity on illumination of the photoelectrode at a
constant applied potential and open-circuit mode, respectively,
and the periodic responses of photocurrent and photovoltage
of the system are reported as a function of the modulation
frequency (Figure 8). The average charge carrier transport time
(τtr) and recombination time (τrec) can be calculated using
Equations (1) and (2) based on the frequency at the extremum
of the plots (fm(IMPS) and fm(IMVS));[20–22] the results are inserted
in Figure 8a and b, respectively. As shown in Figure 8a, the
values of τtr are 1.46, 2.29, and 2.89 ms for FVO-a, FVO-b, and
FVO-c, respectively. For the value of τrec, it is 0.261 s for FVO-a,

and they are the same (0.408 s) for both FVO-b and FVO-c
(Figure 8b). A bigger τrec means a longer lifetime of the
photogenerated charges, and a smaller τtr means a fast charge
transfer, both of which facilitate the PEC performance.[22] These
results show that the average charge-transport time increases
along with the increase of the film thickness, whereas the
lifetime increases first and then reaches a maximum. Therefore,
this demonstrates the optimized PEC performance of the FVO-
b.

ttr ¼ 2pfm IMPSð Þð Þ� 1 (1)

trec ¼ 2pfm IMVSð Þð Þ� 1 (2)

Effect of the annealing temperature and duration

The annealing parameters affect the solid-state reaction and
the crystallization of the FVO NPH photoelectrodes. As shown in
Figure 9a and b, the intensities of the characteristic Raman
peaks of FeVO4 increase gradually when increasing the anneal-
ing temperature and duration. The triclinic FeVO4 appears at

Figure 8. (a) IMPS and (b) IMVS plots of the FVO NPH photoelectrodes. The bias potential was 1.0 V vs. Ag/AgCl for IMPS tests.

Figure 9. (a,b) Raman spectra and (c,d) chopped LSV curves (measured under AM 1.5 illumination) of the FVO NPH photoelectrodes prepared by annealing at
(a, c) various temperatures and (b,d) various duration at 550 °C.
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the annealing temperature of 500 °C. The UV/Vis light absorp-
tion results (Figure S3) indicate that the absorption edge shows
a blue-shift and the intensity of the absorption baseline
increases when increasing the annealing temperature; the
absorption characters are similar for the films annealed at
550 °C for various durations. The intensified background
absorption may be attributed to an enhanced crystallinity of
the FVO NPH photoelectrode when increasing the annealing
temperature.[23] The photocurrent response also shows a rapid
increase when the annealing temperature increased to 500 °C
(Figure 9c), which should be due to the appearance of
crystallization of the film, because the crystallization can
improve the electric property of the oxide film.[24,25] The photo-
current response is further increased when increasing the
annealing temperature to 550 °C and shows an optimized value
of ~0.43 mAcm� 2 at 1.2 V vs. Ag/AgCl. However, it is weakened
when annealing at 600 °C, which should be due to the sintering
of the film that decreases the reactive sites at the film surface.
When increasing the annealing duration, the photocurrent
response is also enhanced (Figure 9d), and the optimum
duration is about 4 h. It can be also observed that the response
of dark current is weakened when improving the crystallization
of the film, which could be attributed to the improved stability
of the film. Electrochemical impedance spectroscopy (EIS)
measurements (Figure S4) revealed that the improved degree
of crystallinity is beneficial for efficient charge separation and
migration, while the sintering should weaken them. The results
indicates that the optimum temperature and duration are
550 °C and 4 h, respectively.

Water-splitting performance

In the photoelectrode, the generation of electron/hole pairs will
decrease gradually along with the depth of the film from the
illumination side because of a reduction in the number of
photons. On the other hand, the transfer distance of the holes
to the FTO substrate increases near the film surface, and it is on
the opposite for the electrons. Therefore, the light-illuminated
side of the photoelectrode will affect its PEC properties. As
shown in Figure 10a, the photocurrent response is improved
when illuminated from the back side (FTO side) of the FVO NPH
photoelectrode, and it is ~0.47 and ~0.68 mAcm� 2 at 1.0 and
1.2 V vs, Ag/AgCl, respectively, which far exceeds the values
among the reported mostly for pure FeVO4 photoelectrodes
(Table S1). The photocurrent response can be also improved by
decorating oxygen evolution reaction (OER) co-catalysts.[26,27]

When decorating with CoPi (FVO/CoPi, Figure 10b), the photo-
current density reaches ~0.82 mAcm� 2 at 1.0 V vs. Ag/AgCl,
which is an improvement of ~74.5% compared to the bare FVO
NPH photoelectrode. These results demonstrate that the
proposed FVO NPH photoelectrode shows a high potential for
PEC applications.

The PEC water splitting performance was evaluated in an
airtight quartz system equipped with a gas chromatograph. The
solar light irradiation and applied bias voltage (1.0 V vs. Ag/
AgCl) result in continuous water splitting and gas evolution
over the as-prepared photoanodes (Figure 11). The water
splitting currents show good stability for both the FVO NPH and
FVO/CoPi during 5 h operation, and the average values are
~0.46 and 0.84 mAcm� 2, respectively (Figure 11a). Both FVO

Figure 10. Chopped LSV curves of the FVO NPH photoelectrodes tested under various conditions, (a) illuminated from front or back and (b) decorated with
CoPi (back illumination), measured under AM 1.5 illumination.

Figure 11. (a) Photocurrent curve and (b) evolution of H2 and O2 of FVO NPH and FVO/CoPi tested at 1.0 V vs. the Ag/AgCl under AM 1.5 illumination from the
back side.
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NPH and FVO/CoPi show PEC evolution of O2 and H2 with a
molar ratio of ~1/2 (Figure 11b). For FVO, the rates are ~4.01
and ~8.49 μmolcm� 2h� 1 for O2 and H2, respectively. And they
are 7.53 and 15.32 μmolcm� 2h� 1, respectively, for FVO/CoPi,
which is ~1.88 and ~1.80 times, respectively, that of FVO. The
calculated faradaic efficiencies of O2 and H2 are higher than
90% for both FVO NPH and FVO/CoPi (Figure S5), and the
decoration of CoPi increases the faradaic efficiency of O2

(increased from ~92% to ~96%), whereas it has only very small
effects on that of H2 (near 98% for both). Therefore, the
improvement of water splitting performance of the FVO/CoPi
should be attributed to the enhanced oxygen evolution
reaction at the photoanode’s surface by the CoPi co-catalyst.
The SEM images of the tested FVO NPH show that the
morphology of the film has no evident changes after the long-
term water splitting tests (Figure S6), which further demon-
strates that the proposed FVO NPH photoelectrodes possess
excellent chemical and physical stabilities during solar water
splitting.

Conclusions

We have developed a facile and efficient method for the
synthesis of highly active FeVO4 nanopolyhedron (FVO NPH)
photoelectrodes. The hydrothermal FeOOH nanorod array (NAR)
film is completely transformed into FVO4 film by drop-casting
VO(acac)2 followed by thermal treatment. The obtained films
possess a unique morphology of uniformly dispersed polyhe-
dral nanocrystals that directly grow on the FTO substrate. The
film thicknesses are tunable by adjusting the duration of the
hydrothermal reaction of the FeOOH NAR films. The thermal
treatment conditions affect the solid-state transformation and
the physicochemical properties of the FVO NPH photoelectrode.
The results demonstrate the optimum film thickness is
~560 nm whereas the optimum annealing temperature and
reaction time are 550 °C and 4 h, respectively; the thus
optimized FVO NPH photoelectrode exhibits stable photo-
current densities of ~0.29 and ~0.43 mAcm� 2 at 1.0 and 1.2 V
vs. Ag/AgCl, respectively, which are improved to ~0.47 and
~0.68 mAcm� 2 in back-side illumination mode. After decorating
CoPi co-catalyst, FVO/CoPi shows a highly stable and efficient
water splitting performance with O2 and H2 evolution rates of
7.53 and 15.32 μmolcm� 2h� 1, respectively, which are ~1.88 and
~1.80 times, respectively, that of FVO. The outstanding and
stable solar water splitting performance achieved by the
proposed FVO NPH photoelectrode prepared by facile synthesis
procedures warrants further optimization studies on morpholo-
gies and compositions of FeVO4-based photoelectrodes.

Experimental Section

Preparation of FVO NPH photoelectrodes

The FVO NPH photoelectrode was prepared via an in situ solid-state
transformation similar to a reported process by Choi et al.[28] First,

the FeOOH film was prepared by a hydrothermal process. Briefly,
the fluorine-doped tin oxide (FTO) coated glass was ultrasonically
cleaned using acetone, ethanol, and distilled water, respectively. A
mixed solution with 75 mM FeCl3 · 6H2O and 0.5M Na(NO3)2 was
prepared as precursor with the pH value adjusted to 1.5 using
concentrated HCl. Then, FTO was put into a 100 mL cylindrical
Teflon-lined stainless-steel autoclave with the conductive side
down, and the precursor solution was also transferred into the
autoclave. The autoclave was then placed inside an oven at 100 °C
for 6 h. The hydrothermally synthesized FeOOH films were cleaned
with distilled water several times and then dried at 60 °C. After that,
excess dimethyl sulfoxide (DMSO) solution of 0.1M vanadium
acetylacetonate (VO(acac)2) was dropped on the obtained FeOOH
film uniformly, which was then dried on a plate heater at 75 °C. The
dried sample was then placed into an oven annealed at 550 °C for
4 h and then cooled naturally. The obtained composite film was
then put in a 0.1M NaOH solution to dissolve the extra vanadium
oxide. After that, the FVO NPH photoelectrode was obtained by
cleaning the film using distilled water several times and then dried
at 60 °C.

The decoration of CoPi was carried out by a photoassisted
electrodeposition method in a three-electrode system using the
FVO NPH photoelectrode as the working electrode, Pt foil as the
counter electrode, and Ag/AgCl as the reference electrode, which
was controlled by an electrochemical workstation (CHI 760E, CH
Instruments, Inc., USA). For the electrolyte, 0.1M potassium
phosphate (KPi) buffer solution at pH7 containing 0.5 mM Co(NO3)2.
The deposition was performed at 0.1 V for 300 s under AM 1.5
illumination (A 300 W Xe lamp (Perfect Light, China) with an AM 1.5
filter, light density: 100 mWcm� 2). After the deposition, the photo-
electrode was rinsed with DI water and then dried at 50 °C for 1 h.

Characterization

The crystal structure of the photoelectrodes was examined using X-
ray diffraction (XRD, AXS-8 Advance, Bruker, Germany). The
morphology of the photoelectrodes on the FTO substrate was
analyzed by using a field-emission scanning electron microscope
(SEM, Sirion200, Philips, Netherlands) and transmission electron
microscop (TEM, JEM-2100F, JEOL, Japan). The physical character-
istics of the photoelectrodes were further analyzed by Raman
spectroscopy (SENTERRA R200, Bruker, Germany). Diffuse reflec-
tance UV/Vis absorption spectra of the photoelectrodes were
collected by using a Shimadzu UV/Vis spectrophotometer (UH4150,
Hitachi, Japan). The element information of the photoelectrodes
was collected by X-ray photoelectron spectroscopy (XPS, PHI 5000,
VersaProbe, Japan).

PEC tests

The PEC performance of the photoelectrodes was carried out in a
three-electrode system under AM 1.5 illumination. The illumination
was from the front of the photoelectrodes when without special
instructions. An electrolyte solution of 0.1M KPi buffer (pH7) was
used for all PEC measurements. Intensity-modulated photocurrent
spectroscopy (IMPS) tests were recorded by an electrochemical
workstation (Zennium pro, Zahner, Germany) equipped with a
controlled intensity modulated photospectroscopy setup (CIMPS-2
pro, PP211, Zahner, Germany), and the light source was a white
light lamp (WLC02, Zahner, Germany). The applied modulated light
was superimposed at a steady DC light intensity of 80 mWcm� 2 in
the frequency range of 0.1-100 Hz. For the IPCE tests, a continuous
LED light source (TLS03, 365-1020 nm) was applied. Calculation of
IPCE was carried out using Equation (3):
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IPCE %½ � ¼
1240 � J

l � P
� 100, (3)

where J is photocurrent density [mA cm� 2], P is the light power
density [mW cm� 2] at λ, and λ is the wavelength of the incident
light [nm]. Water-splitting performance was measured in a quartz
device (6A-Lab, Perfect Light, China) equipped with a vacuum
pump (2TW-6G, Tingwei, China), a low constant temperature bath
(DC-2006, CNSHP, China), and a gas chromatograph (GC, GC-
2010plus, Shimadzu, Japan).
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