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Abstract: The design and development of high-performance photoanodes are the key to efficient
photoelectrochemical (PEC) water splitting. Based on the carrier transfer characteristics and localized
surface plasmon resonance effect of noble metals, gold nanoparticles (AuNPs) have been used to im-
prove the performance of photoanodes. In this study, a novel efficient composite BiVO4/Au/FeCoOx

photoanode is constructed, and the quantitative analysis of its performance is systematically con-
ducted. The results reveal that the co-modification of AuNPs and FeCoOx plays a synergetic role
in enhancing the absorption of ultraviolet and visible light of BiVO4, which is mainly attributed
to the localized surface plasmon resonance effect induced by AuNPs and the extended light ab-
sorption edge position induced by the BiVO4/FeCoOx heterojunction. The BiVO4/Au/FeCoOx

photoanode exhibits a high photocurrent density of 4.11 mA cm−2 at 1.23 V versus RHE at room
temperature under AM 1.5 G illumination, which corresponds to a 299% increase compared to a
pristine BiVO4 photoanode. These results provide practical support for the design and preparation of
PEC photoanodes decorated with AuNPs and FeCoOx.

Keywords: solar water splitting; plasmon resonance effect; nanomaterials; heterojunction;
photoelectrochemical

1. Introduction

Since the discovery of photoelectrochemical (PEC) water splitting based on semicon-
ductor electrodes, scientists have devoted substantial efforts to transforming solar energy
into clean and carbon-neutral hydrogen (H2) energy in a stable, cost-effective, and efficient
way [1]. The overall PEC water splitting consists of three main stages: (I) the absorption
of light and the generation of electron–hole pairs in the semiconductor; (II) the separation
of the electron and hole and their transfer to the surface of the semiconductor; (III) the
occurrence of an oxygen evolution reaction (OER) on the photoanode and a hydrogen evo-
lution reaction (HER) on the photocathode [2]. Due to the fracture of an O–H bond and the
generation of an O–O bond, the oxygen evolution reaction on the surface of the photoanode
is dynamically sluggish [3]. Thus, discovering and developing efficient photoanodes has
always been regarded as the key to photoelectrochemical water splitting. In the past few
decades, a wide variety of semiconductors, such as TiO2 [4], Fe2O3 [5], and BiVO4 [6], have
been studied and employed as photoanodes.

Among the available photoanodes, BiVO4 is undoubtedly an appealing photocatalyst
material. It is an n-type semiconductor with a relatively narrow band gap of about 2.4 eV,

Catalysts 2023, 13, 1063. https://doi.org/10.3390/catal13071063 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal13071063
https://doi.org/10.3390/catal13071063
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0009-0008-8024-2726
https://orcid.org/0000-0002-1774-9726
https://orcid.org/0000-0001-9427-4923
https://doi.org/10.3390/catal13071063
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal13071063?type=check_update&version=2


Catalysts 2023, 13, 1063 2 of 12

which enables it to absorb ultraviolet light and a wide range of visible light [7,8]. In addi-
tion, it has a suitable conduction band edge position which is close to the thermodynamic
precipitation potential of O2 [9,10]. Moreover, it is nontoxic and has impressive PEC perfor-
mance in solution [11,12]. However, the slow carrier dynamics result in the recombination
of bulk and interface charges of the unmodified BiVO4, which limits its solar-to-hydrogen
conversion efficiency. It has been widely verified that the actual maximum photocurrent
density under AM 1.5 G illumination (100 mW cm−2) of unmodified BiVO4 is far below
the theoretical value (7.5 mA cm−2) [13].

In order to boost the OER of photoanodes, it is an effective strategy to modify BiVO4
with oxygen evolution cocatalysts (OECs), which can reduce electron–hole recombina-
tion and enhance the photochemical performance. OECs like FeCoOx [14], Cu2O [15],
NiOOH [16], and FeOOH [17] have been utilized and experimented with in modifying
BiVO4 photoanodes. Among them, a new type of FeCoOx has attracted researchers’ at-
tention due to its effective suppression of electron–hole recombination on the surface of
BiVO4 photoanode [18,19]. According to theoretical and experimental studies, it is clear
that the substitution of cations in CoOx with iron ions results in abundant oxygen vacancies
and forms a heterojunction with BiVO4 [20,21]. FeCoOx also decreases the carrier transfer
resistance to a certain extent, which enables the transfer of more photogenerated holes
in the valence band of BiVO4 to the FeCoOx layer. This leads to the generation of more
reactive hydroxyl radicals to participate in water oxidation reactions efficiently [22,23].
However, the recombination center of the electron–hole may emerge on the interface of the
heterojunction, leading to a decrease in PEC performance.

To promote bulk charge separation and carrier transfer, a practical method is to insert
an electron transport layer (such as Pt, Au, Ni, etc.) into the middle of the heterojunction.
As a classic plasmon nanostructure, the gold nanoparticles (AuNPs) are able to confine
light in the vicinity of the surface and generate hot electron flow, which has a great effect
on the chemical and PEC performance of the metal–oxide interface [24]. Since the work
function of BiVO4 is greater than gold, a Schottky junction is naturally formed when there
is direct contact between BiVO4 and Au. The Schottky junction may reduce the charge
recombination on the metal–semiconductor interface, promote carrier transfer, and adjust
the electronic band structure. Thus, the lifetime of photogenerated electrons and holes
ought to increase, resulting in more electrons and holes involved in the PEC process [25].

On the other hand, the impact of geometric factors such as the size and shape of
AuNPs on photoelectrochemical water splitting has been experimentally verified. AuNPs
present particular photoelectronic and electrochemical properties when the particle size is
adequately small (quantum size effect), such as localized surface plasmon resonance (LSPR)
characteristics and electrochemical catalytic properties with great dependence on particle
size [26,27]. Under the illumination of visible light or infrared light, the energy of oscillating
electrons and the localized electromagnetic field generated by LSPR will be transferred to
the conduction band of BiVO4 via direct electron transfer (DET) or plasmon resonant energy
transfer (PRET) [10,28,29]. In the case of BiVO4/Au, numerous experiments indicate that
energy transfers via DET, implying that the excited hot electron of Au may overcome the
metal–semiconductor barrier and transfer to the conduction band of BiVO4, contributing to
improved photocurrent density.

Herein, in order to progressively enhance the PEC properties of BiVO4 photoanodes
and verify the synergism of AuNPs and FeCoOx, the BiVO4/Au/FeCoOx photoanode is
constructed through a template route, which is followed by electrochemical deposition of
AuNPs and FeCoOx, respectively. The optimized BiVO4/Au/FeCoOx photoanode exhibits
a high photocurrent density of 4.11 mA cm−2 at 1.23 V versus RHE under AM 1.5 G
(100 mW cm−2) illumination, which is over three-fold that of the pristine BiVO4 photoanode
and a 29.7% increase in that of the BiVO4/FeCoOx counterpart.
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2. Results and Discussion

Figure 1a displays a schematic diagram of the preparation process for the
BiVO4/Au/FeCoOx photoanode, and the experimental details are presented in the experi-
mental section. The BiVO4/Au/FeCoOx photoanode X-ray diffraction (XRD) patterns are
shown in Figure 1b. The characteristic peaks of crystal planes such as (020), (011), and (121)
of BiVO4 have been labeled. The peaks corresponding to the (111) and (200) planes of Au
have also been marked, but due to the small content and size, more diffraction peaks of
AuNPs and FeCoOx are too difficult to detect. Figure 1c displays the scanning electron
microscopy (SEM) image of the BiVO4/Au/FeCoOx photoanode, which implies that the
co-modification of AuNPs and FeCoOx makes the originally striped BiVO4 thicker and
more compact. The surface of the BiVO4/Au/FeCoOx photoanode material is uniformly
filled with a similar cluster structure. Figure S1a shows the SEM image of a pristine BiVO4
photoanode. It can be seen that BiVO4 is a thin film formed by particles, strips, or clusters,
with particle sizes ranging from 100 nm to 300 nm, while the length of the strip formed
by the particles is approximately 300 nm to 1 µm. Additionally, due to issues with the
preparation methods, there are unfilled holes in BiVO4. Figure S1b shows the SEM image
of the BiVO4/Au photoanode, in which the particles with significantly brighter bright-
ness than BiVO4 are gold nanoparticles, with a particle size of approximately 80~150 nm.
Figure S1c shows the SEM image of the BiVO4/FeCoOx photoanode. It can be seen that
FeCoOx adheres to the surface of BiVO4 in a paste-like form, making the original strip or
cluster structure of BiVO4 more flexible.
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Figure 1. (a) Diagram for the preparation procedure of the BiVO4/Au/FeCoOx photoanode. (b) XRD
patterns of photoanodes. (c) SEM image of BiVO4/Au/FeCoOx.

Figure 2a–g display the energy dispersive spectroscopy (EDS) spectrum of the
BiVO4/Au/FeCoOx composite photoanode. The distribution of six elements, Bi, V, O,
Au, Fe, and Co, can be seen from the EDS elemental mapping, which can also prove the
existence of these elements. From the mapping of Au in Figure 2e, it can be seen that there
are three local positions with dense Au distribution in the upper left, upper right, and
lower middle directions, which may be caused by large-size AuNPs. As shown in Figure 2h
and Table S1, the content information of each element in the selected area indicates that the
contents of Au, Fe, and Co are very low among the six kinds of elements and appear to
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have atomic ratios of 1.11%, 1.28%, and 0.58%, respectively, indicating that Au and FeCoOx
mainly play a modifying role in the photoanodes. Moreover, it can also be calculated that
the atomic ratio of Fe and Co in the selected area is Fe:Co = 2.2:1. In the relevant publi-
cations on the preparation of Au and FeCoOx, the content of Au, Fe, and Co is generally
below 5% [30], and the most significant improvement in the PEC performance of FeCoOx
at present belongs to the work of Wang et al., where the relative atomic ratio of Fe:Co is
Fe:Co = 1.1:1 [14].
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Figure 2. Elemental mapping of BiVO4/Au/FeCoOx. (a) Overall image. (b) Bi. (c) V. (d) O. (e) Au.
(f) Fe. (g) Co. (h) EDS energy distribution.

Figure 3 displays the high-resolution X-ray photoelectron spectroscopy (XPS) ele-
mental spectrum of the BiVO4/Au/FeCoOx photoanode, which contains information on
the composition and chemical states of elements in the composite photoanode. The high-
resolution Bi 4f spectrum can be fitted by two main peaks, located at 159.1l eV and 164.41 eV,
respectively, corresponding to the binding energy of the Bi 4f7/2 spin state and the Bi 4f5/2
spin state. The high-resolution V 2p spectrum displays two main peaks at 516.70 eV and
524.16 eV, respectively, and they correspond to the binding energy of the V 2p3/2 spin
state and the V 2p1/2 spin state. Figure 3c displays the high-resolution O 1s spectrum,
fitted with three main peaks located at 530.45 eV, 531.55 eV, and 532.35 eV, respectively.
These three peaks correspond to O2− in the lattice (OL), hydroxyl bound to metal cations
(OV), and oxygen in the chemically adsorbed or dissociated state (such as dissociated
CO3

2−, absorbed H2O, absorbed O2, etc., OC). From Figure 3c, it can be seen that the OL
peak is quite prominent compared with the OV and OC peaks, reflecting that the oxygen
element is mainly present in the form of O2− in the lattice. The existence of the OV peak
proves the presence of a large number of oxygen defects or vacancies on the surface of the
BiVO4/Au/FeCoOx photoanode, while the existence of the OC peak proves the presence of
surface hydroxyl groups on the surface of the BiVO4/Au/FeCoOx photoanode. The pres-
ence of surface hydroxyl groups can promote the transport and capture of photogenerated
electrons and photogenerated holes, thereby reducing the recombination of photogenerated
carriers and improving the photoelectric conversion efficiency of BiVO4/Au/FeCoOx. The
high-resolution Au 4f spectrum displays two main peaks, 83.82 eV and 87.51 eV, respec-
tively, corresponding to the binding energy of the Au 4f7/2 spin state and the Au 4f5/2 spin
state. The high-resolution Fe 2p spectrum is fitted with six peaks, including three main
peaks and three satellite peaks. The three main peaks are located at 710.31 eV, 712.42 eV,
and 723.97 eV. Among them, the peak located at 723.97 eV corresponds to the Fe 2p1/2
peak, and the first two of the three main peaks represent Fe2+ and Fe3+, respectively, which
together form the Fe 2p3/2 peak. The atomic ratio of these two peaks can also be calculated
from the peak position table as Fe3+:Fe2+ = 1.89:1. The high-resolution Co 2p spectrum
consists of six fitted peaks, including three main peaks and three satellite peaks. The
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three main peaks are located at 779.60 eV, 780.60 eV, and 795.74 eV, where the peak at
795.74 eV corresponds to the Co 2p1/2 peak. The first two of the three main peaks represent
Co3+ and Co2+, respectively, and together, they form the Co 2p3/2 peak. The atomic ratio
of these two ions can be calculated from the peak position table shown in Table S2, as
Co2+:Co3+ = 3.59:1. The atomic ratio of Fe and Co can also be calculated as Fe:Co = 1.37:1.
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Figure 3. High-resolution XPS spectrum of the BiVO4/Au/FeCoOx. (a) Bi 4f, (b) V 2p, (c) O 1s,
(d) Fe 2p, (e) Co 2p, and (f) Au 4f.

Figure 4a displays the ultraviolet–visible (UV-vis) absorption spectra of BiVO4,
BiVO4/Au, and BiVO4/Au/FeCoOx photoanodes. The FTO substrate has been used
as the background to eliminate the influence of FTO on the absorbance. It can be seen that
the light absorption edge of BiVO4 is around 510 nm, which is consistent with its band gap
of 2.3~2.5 eV. The light absorption edge of BiVO4/Au remains almost unchanged, but its ab-
sorption wavelength range from 300 nm to 900 nm is higher than that of pristine BiVO4. The
light absorption edge of BiVO4/Au/FeCoOx photoanodes is about 660 nm, and the light
absorption at wavelengths of 300~900 nm is stronger than that of BiVO4 and BiVO4/Au.
The loading of AuNPs and FeCoOx has played a synergic role in enhancing the absorption
of UV-vis light of BiVO4, which is mainly due to the LSPR effect induced by AuNPs and
the extended light absorption edge position induced by the BiVO4/FeCoOx heterojunction.
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The band gap can also be obtained by Tauc plots. Since most of the valence band
electrons and conduction band electrons of the semiconductor are distributed near the band
gap, when the energy of a photon is close to the band gap, a large number of electrons can be
excited from the top of the valence band to the bottom of the conduction band by absorbing
the photon energy. At this moment, the absorption coefficient of the semiconductor will
increase with the increase in the number of photons. The relationship between the band gap
and the absorption coefficient of the semiconductor materials can be expressed as follows:

(αhυ)n = A ∗
(
hυ − Eg

)
(1)

where α is the absorption coefficient, h ≈ 4.13567 × 10−15 eV s, as Planck’s coefficient, υ
is the frequency of the incident photon, A is the proportional coefficient, and Eg is the
band gap of the semiconductor. The value of n is related to the type of semiconductor.
When the semiconductor is a direct band gap semiconductor, that is, the conduction band
bottom and valence band top of the semiconductor correspond to the same wave vector
of electronic states, a direct band edge transition can occur, where n = 2. When the band
gap of a semiconductor is an indirect band gap, that is, the conduction band bottom and
valence band top of the semiconductor are not at the same wave vector of electronic states,
the band edge transition requires the participation of phonons, where n = 1/2 at this time.
Since BiVO4 is a direct band gap semiconductor, n is set as 2. Substitute the absorption
coefficient and others into Equation (1) and create an (αhυ)2 − hυ diagram. As shown
in Figure 4b, the band gap of BiVO4 and BiVO4/Au is about 2.32 eV, while the band
gap of BiVO4/Au/FeCoOx is about 2.28 eV. These results indicate that the modification
of AuNPs has little effect on the band gap of BiVO4, while the band gap narrowing of
BiVO4/Au/FeCoOx photoanodes can be attributed to the narrow band gap of FeCoOx
(2.04 eV) compared to BiVO4 (2.3~2.5 eV).

Figure 5a displays the linear sweep voltammetry (LSV) curve of the photoanodes. It
can be seen that the photocurrent density under dark conditions is only 7 × 10−7 mA cm−2

at 1.23 V vs. RHE, and the magnitude of this photocurrent density can be regarded as
almost no photocurrent generation. Under AM 1.5 G illumination at 1.23 V vs. RHE, the
photocurrent density of BiVO4/Au/FeCoOx reached 4.11 mA cm−2, which is nearly four
times than that of pristine BiVO4 (1.03 mA cm−2). This photocurrent density is increased
by 71.8% compared to BiVO4/Au (1.77 mA cm−2) and increased by 29.7% compared
to BiVO4/FeCoOx (3.17 mA cm−2). Additionally, the BiVO4/Au/FeCoOx photoanode
exhibits an onset potential of 0.245 V vs. RHE, which is the lowest among the photoanodes
and cathodically shifted by about 27 mV compared with that of pristine BiVO4. There
are multiple reasons for this increase in the photocurrent density. For example, according
to the discussions of Figure 4a, the modification of FeCoOx has expanded the original
light absorption edge of BiVO4 from only about 510 nm to about 660 nm. On the other
hand, the modification of AuNPs and FeCoOx has played a positive role in improving
the absorbance of BiVO4 for ultraviolet and visible light, which is consistent with the
results of UV-vis spectra. It is not difficult to understand that under the assumption of
the same photoelectric conversion efficiency, the stronger the absorption of light by the
photoanode, the greater the photocurrent density generated. Moreover, the synergism effect
of AuNPs and FeCoOx may contribute to the enhancement of the photocurrent density. For
example, the photogenerated holes in the valence band of BiVO4 will be captured in the
FeCoOx surface and participate in the PEC water oxidation, while the excited hot electron
of AuNPs may overcome the metal–semiconductor barrier and transfer to the conduction
band of BiVO4. Namely, the quality of FeCoOx as an oxygen evolution cocatalyst is of
vital significance in promoting PEC water oxidation, which may cause differences in the
photocurrent between photoanode counterparts modified with FeCoOx [14].
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The increase in photocurrent density can also be attributed to a decrease in surface
charge recombination. Figure 5b represents the electrochemical impedance spectroscopy
(EIS) of the prepared BiVO4, BiVO4/Au, BiVO4/FeCoOx, and BiVO4/Au/FeCoOx pho-
toanodes. The EIS spectra can be explained with the Randles equivalent circuit model,
which contains two basic elements, Rs and Rct [31]. The element Rs is the resistance re-
lating to carrier transfer, containing the resistance of FTO substrates, the electrolyte, and
wire connections in the circuit. The diameter of the circle corresponding to the semicir-
cle or arc in the middle-frequency region of EIS reflects the interface resistance at the
photoelectrode–electrolyte interface, also known as the elements of Rct or charge transfer
resistance. Figure 5b mainly captures the arced part of the middle-frequency region. It can
be easily seen from Figure 5b that the modification of AuNPs and FeCoOx, respectively,
reduced the diameters of the BiVO4 photoanodes to some extent, while the diameter of the
Nyquist plot of BiVO4/Au/FeCoOx is the lowest among the photoanodes. These results
indicate that the co-modification of photoanode with AuNPs and FeCoOx plays a positive
role in reducing interface resistance and the recombination of photogenerated electrons
and holes on the photoanode-electrolyte interface synergically, thereby promoting the
participation of photogenerated holes in the water oxidation reaction and increasing the
photocurrent density. Figure 5c displays the photovoltage changes of the photoanodes
with or without illumination. Theoretically, the photovoltage is equal to the difference
between the open circuit voltage under light and dark conditions. Compared to the pris-
tine BiVO4 with a photovoltage of 0.251 V, the photovoltage of BiVO4/Au increases to
0.318 V. The photovoltage of BiVO4/FeCoOx increases to 0.290 V, and the photovoltage of
BiVO4/Au/FeCoOx increases to 0.452 V, which is 80.1% higher than the pristine BiVO4.
The photovoltage results are in agreement with the onset potential of photoanodes shown
in LSV curves in Figure 5a. It can be concluded that the loading of AuNPs and FeCoOx, to
some extent, increased the photovoltage of the photoanodes. This results in the cathodic on-
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set potential shifting, indicating that the synergism of AuNPs and FeCoOx not only boosts
OER kinetics on the photoanodes but also contributes to thermodynamics, providing a
greater driving force on PEC water splitting [32].

Figure 5d displays the j–t curve of the photoanodes at 1.23 V vs. RHE and intermittent
AM 1.5 G illumination (100 mW cm−2), with periods of 30~60 s, 90~120 s, and 150~180 s.
It can be seen that when the condition first enters the illumination from the dark, each
photoanode exhibits a peak of decreased photocurrent density, and the sharpness of this
peak reflects the degree of surface charge recombination. Therefore, it can be said that the
surface charge recombination on each photoanode is still quite severe.

Figure S2 displays the applied bias photon-to-current efficiency (ABPE) diagram of
the photoanodes by substituting the LSV curve of the photoanode material into Equation
(3) with a Faraday efficiency of 100% and a Pin of 100 mW cm−2. From Figure S2, it can
be seen that BiVO4 reached a peak ABPE of 0.31% at a potential of 0.69 V vs. RHE, while
BiVO4/Au reached a peak of 0.57% at about 0.68 V vs. RHE. BiVO4/FeCoOx reached a
peak of 1.32% at 0.70 V vs. RHE, and the target photoanode BiVO4/Au/FeCoOx reached a
peak ABPE of 1.75% at about 0.64 V vs. RHE, which is more than five times the peak value
of pristine BiVO4. These data are sufficient to demonstrate the significant impact of AuNP
modification on improving photoelectric conversion efficiency and reducing surface charge
recombination, among which, the most attractive aspect for researchers is the significant
increase in photocurrent density.

Figure S3 displays the durability test of the photoanodes at 1.23 V vs. RHE under
AM 1.5 G. It can be seen that within about 30 min after the start of durability testing,
the photocurrent density of each photoelectrochemical system decreased rapidly. In this
period, the photocurrent density of BiVO4/Au/FeCoOx decreased by 56.3% from the initial
value of 3.98 mA cm−2 to 1.75 mA cm−2. The photocurrent density of BiVO4/FeCoOx
decreased from the initial 3.07 mA cm−2 to 1.25 mA cm−2, a relative decrease of 59.3%. The
photocurrent density of BiVO4 decreased from the initial 1.08 mA cm−2 to 0.64 mA cm−2, a
relative decrease of 40.7%. These results indicate that there is still room for improvement
in the quality of FeCoOx and AuNPs, while they may quickly dissolve in the electrolyte
over time, which is consistent with the results of the photocurrent density compared with
works in other publications. Namely, the stability of BiVO4/Au/FeCoOx has decreased
to a certain extent, which is one of the effects of the modification of AuNPs and FeCoOx.
However, compared to the weakened stability of BiVO4/Au/FeCoOx, the beneficial effect
of increasing photocurrent density is more significant.

The schematic diagram of a photoelectrochemical system using BiVO4/Au/FeCoOx
as a composite photoanode is shown in Figure 6. The following is the proposed work-
ing mechanism of the BiVO4/Au/FeCoOx composite photoanode under illumination in
phosphoric acid buffer, which consists of five processes: (I) electrons on AuNPs are excited
by LSPR under incident light irradiation, (II) photogenerated hot electrons of AuNPs are
transferred to the conduction band of BiVO4 and collected by external circuits, (III) photo-
generated holes on the valence band of BiVO4 can be extracted and stored in the FeCoOx
layer, and photogenerated electrons are extracted and transferred to the AuNPs, (IV) water
is oxidized by holes on FeCoOx, leading to the formation of oxygen and the elimination
of holes, and (V) electron-deficient AuNPs are reduced by photogenerated electrons from
BiVO4, returning to their original metal state.

Due to the fact that the work function of BiVO4 is different from Au, this difference in
work function causes the energy bands of BiVO4 to bend, which naturally forms a Schottky
junction or Schottky barrier. Under illumination, the photogenerated hot electrons of Au
can be amplified by LSPR, therefore becoming more likely to flow across the Schottky
barrier into the conduction band of BiVO4 and be collected by external circuits [24]. Thus,
the electrons transmitted from AuNPs to BiVO4 in process II are reasonable. In addition,
the introduction of AuNPs and FeCoOx plays a synergic role in the photoelectrocatalysis
kinetics and thermodynamics. The promoted charge transfer process will reduce the recom-
bination of photogenerated electron–hole pairs on the electrode–electrolyte interface [28,33].
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Therefore, compared to the pristine BiVO4, the lifetime of photogenerated electrons and
photogenerated holes is expected to improve. More electrons and holes participate in
the PEC water splitting, indicating that the charge utilization rate will also be improved.
Meanwhile, shown in Figure 6 as a hole storage layer, FeCoOx also forms a functionalized
p-n junction with BiVO4 and boosts the photogenerated holes in the valence band of BiVO4
to be captured and stored in the FeCoOx surface. The stored holes can further participate
in the effective water oxidation reaction to form reactive hydroxyl radicals. Thus, FeCoOx
cocatalysts promote the catalytic kinetics in the electrode–electrolyte interface. Based on
the above analysis, it is believed that AuNPs and FeCoOx can exert a synergistic effect on
the PEC performance improvement of the BiVO4.
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3. Materials and Methods
3.1. Preparation of BiVO4 Films

Ethanol solution with 0.23 M 1,4-benzoquinone was mixed with water solution with
0.4 M Bi (NO3)3 and 0.4 M KI in a ratio of 7:17 to prepare the electrolyte, and the pH was
adjusted to 1.70 with nitric acid. Ag/AgCl was used as the reference electrode, platinum
electrode as the counter electrode, and FTO glass as the working electrode. The bismuth
precursor film BiOI was deposited on FTO glass for 300 s at −0.1 V. Dimethyl sulfoxide
(DMSO) dissolved in 0.2 M acetylacetone vanadium oxide was dropped onto BiOI and
kept in air at 450 ◦C for 2 h at a heating rate of approximately 2 ◦C/min. Finally, BiOI was
soaked in 1 M NaOH for 30 min to remove V2O5 and was rinsed with pure water.

3.2. Preparation of AuNPs

Briefly, 0.005 M chloroauric acid solution was used as the electrolyte, Ag/AgCl was
the reference electrode, and a platinum electrode was the counter electrode. AuNPs were
deposited at 0.15 V for 40 s. Then, they were rinsed with pure water.

3.3. Preparation of FeCoOx Cocatalysts

The FeCoOx cocatalyst was deposited through two steps under AM 1.5 G. Briefly,
0.1 M FeSO4 solution was used as the electrolyte, while Ag/AgCl was used as the reference
electrode, and platinum electrode as the counter electrode. The FeOOH layer was deposited
at 0.25 V for 300 s. Then, 0.025 M (CH3COO)2Co solution was used as the electrolyte,
platinum electrode as the counter electrode, and Ag/AgCl as the reference electrode, and
CoOx was deposited at 0.25 V for 40 s. Finally, the FeCoOx cocatalyst was obtained after
keeping it in air at 500 ◦C for 2 h
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3.4. Characterization

The morphologies and structures of the photoanodes were characterized using SEM
(JSM-IT500, JEOL) coupled with EDS, and XRD (D8 Advance, Bruker) with Cu Kα radi-
ation, respectively. The composition and chemical states of photoanodes were character-
ized by XPS (ESCALAB xi+). UV-vis absorption spectra were recorded by an Evolution
220 spectrophotometer.

3.5. PEC measurements

The PEC measurements were completed through electrochemical workstations and
xenon lamps. The test circuit was constructed under AM 1.5 G illumination using a
classic three-electrode system (platinum as the counter electrode, Ag/AgCl as the reference
electrode) and 0.5 M phosphoric acid buffer (pH = 7.00). Photocurrent density potential
curves were obtained using linear sweep voltammetry ranging from approximately 0.1
to 1.4 V vs. RHE with a scanning rate of 0.01 V s−1. Electrochemical impedance spectra
were obtained at open circuit potential with a frequency ranging from roughly 100 kHz to
0.01 Hz and a signal amplitude of 0.01 V. Photovoltage was measured at open circuit
potential under AM 1.5 G for 60 s and then continued for 60 s in the dark condition.

All the potentials vs. RHE can be converted from the potentials vs. Ag/AgCl following

ERHE = EAg/AgCl + E0
Ag/AgCl + 0.059 ∗ pH (2)

where ERHE is converted potential vs. RHE, E0
Ag/AgCl is 0.197 V at room temperature

(25 ◦C), and EAg/AgCl is the potential vs. Ag/AgCl.
ABPE can be calculated according to

ABPE =
j ∗ (1.23 − Vb)

Pin
∗ 100% (3)

where j is the photocurrent density (mA cm−2), Vb is the corresponding potential vs. RHE,
and Pin is the illumination intensity (100 mW cm−2).

4. Conclusions

In summary, to progressively enhance the PEC properties of BiVO4 photoanodes, a
novel BiVO4/Au/FeCoOx photoanode is designed and the synergetic role of AuNPs and
FeCoOx is verified. The characterization, optical properties, and PEC performance of opti-
mized photoanodes are thoroughly investigated. The results reveal that the co-modification
of AuNPs and FeCoOx plays a synergic role in enhancing the absorption of ultraviolet and
visible light of BiVO4. This is mainly attributed to the LSPR effect induced by AuNPs and
the extended light absorption edge position induced by the BiVO4/FeCoOx heterojunction.
Moreover, the appropriately sized Au nanoparticles and FeCoOx cocatalysts played a
positive role in increasing the photovoltage of BiVO4 and in reducing the charge transfer
resistance on the electrode–electrolyte interface, consequently leading to the promotion of
the separation and migration of photogenerated carriers and the prominent enhancement
of the photocurrent density. This work provides practical experimental support and a
theoretical explanation for the design of effective PEC photoanodes.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal13071063/s1, Figure S1: SEM images of (a) BiVO4, (b) BiVO4/Au,
and (c) BiVO4/FeCoOx.; Figure S2: ABPE curves of photoanodes in 0.5 M potassium phosphate
buffer (pH=7.0) under AM 1.5G (100 mW cm−2); Figure S3: Durability tests of photoanodes in 0.5 M
potassium phosphate buffer (pH=7.0) under AM 1.5G (100 mW cm−2) at 1.23 V vs. RHE. Table S1:
Content Information of Each Element in Mapping of BiVO4/Au/FeCoOx. Table S2: Peak position
and atomic content in XPS results.

https://www.mdpi.com/article/10.3390/catal13071063/s1
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