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Enhanced electrocatalytic ethanol oxidation
reaction in alkaline media over Pt on a 2D BiVO4-
modified electrode under visible light irradiation†

Jiayue Hu,a Chunyang Zhai,*a Lixi Zeng,b Yukou Du c and Mingshan Zhu *ab

Bismuth vanadate (BiVO4), as a typical visible-light-activated semiconductor, has attracted much attention

in water oxidation. In this paper, we extend it to be a visible-light responsive support for the application of

electrocatalytic ethanol oxidation reaction (EOR). Firstly, two dimensional (2D) BiVO4 nanosheets were

synthesized, and then worked as the support for the decoration of Pt nanoparticles. Pt nanoparticles of

ultra-small size with an average diameter of 3.5 nm were well dispersed on the surface of as-synthesized

2D BiVO4 nanosheets. By using the as-prepared Pt–BiVO4 as a working electrode, 2.7 folds enhanced cata-

lytic activity for the EOR were achieved under visible light irradiation compared to that under dark condi-

tions. The synergistic effect of photocatalysis and electrocatalysis together with the 2D structure of BiVO4

result in the improvement of the catalytic performance.

1. Introduction

Bismuth-based materials such as BiOX (X = Cl, Br, I), Bi2WO6,
Bi2O2CO3, and BiVO4 have attracted the attention of re-
searchers due to their excellent photocatalytic activity under
UV and visible light irradiation, chemical stability, unique lay-
ered structures, low/non-toxicity, and abundance in nature.1–8

Among them, BiVO4 is considered to be a better photocata-
lytic material due to its narrow band gap (∼2.4 eV) with a
wide wavelength response range.6–10 Moreover, BiVO4 exhibits
strong oxidation properties with chemical/photochemical sta-
bility. To date, it has been widely used in various fields of
photocatalysis and photoelectrochemical tandem cells.6–10

However, most of the above applications only focus on water
oxidation, and limited efforts have been made to extend it to
other areas.

On the other hand, with the overuse of petroleum energy,
the worsening environmental pollution and the decreasing
storage of fossil fuels on earth, it is the theme of today's
world to find new clean energy sources.11,12 Direct ethanol
fuel cells (DEFCs) have aroused widespread concern of energy
researchers at home and abroad due to their high energy con-

version efficiency, and clean and pollution-free nature.13–15

We have known that the catalytic performance of anode cata-
lysts is the main factor affecting the widespread commercial
application of DEFCs.16,17 Pt and Pt-based anode catalysts
have been considered as the most promising electrocatalysts
for DEFCs.18,19 However, slow kinetics of electron transfer,
high cost, and being easily poisoned by intermediates (such
as CO) of pure Pt have limited the commercial application of
DEFCs.20–22 Therefore, exploring a new type of high-efficiency
and low-cost electrocatalyst is the main research direction.

In recent years, by using semiconductors as supports of
noble metal electrocatalysts, noble metal/semiconductor hy-
brids have been used as efficient electrocatalysts towards al-
cohol oxidation reactions under light irradiation.12,16 The op-
tical properties of semiconductors allow them to have a
strong oxidizing ability when they are excited by photo-energy
under light irradiation, followed by oxidation of small or-
ganic molecules, which are adsorbed on the electrode sur-
face, thereby resulting in enhanced catalytic activity and anti-
poisoning ability.12,16 Therefore, it is strongly desirable to ex-
plore the potential of BiVO4 as a photo-activated support for
depositing Pt electrocatalysts for photoelectrocatalytic oxida-
tion of ethanol.

We all have known that two dimensional (2D) structures
are the most ideal supports for the decoration of Pt nano-
particles (NPs) compared to other designed-structures or ir-
regular shapes.23–26 This is due to their large specific surface
area, which is favorable for the dispersion of precious metal
catalyst, improving the utilization of catalyst and thereby en-
hancing the catalytic activity. Herein, 2D BiVO4 nanosheets
were synthesized and then used as the support for the
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decoration of Pt NPs. It can be seen that ultra-small Pt NPs
with an average diameter of 3.5 nm were well dispersed on
the surface of BiVO4 nanosheets. Finally, the as-prepared Pt–
BiVO4 electrode shows 2.7 times higher electrocatalytic per-
formance towards the EOR with the assistance of visible light
irradiation compared to that under dark conditions. The
unique 2D structure and broad response in visible light of
BiVO4 nanosheets result in the improved catalytic perfor-
mance. These outstanding photoelectrocatalytic activities in-
dicated that the 2D BiVO4 nanosheets can be used as an ideal
photo-activated support for Pt electrocatalysts in DEFCs.

2. Experimental section
2.1. Materials

Bismuth nitrate pentahydrate (BiĲNO3)3·5H2O), ammonium
vanadate (NH4VO3), sodium dodecylbenzenesulfonate
(C18H29NaO3S, SDBS), sodium hydroxide (NaOH), chloro-
platinic acid hexahydrate (H2PtCl6·6H2O), ethanol (CH3CH2-
OH), potassium hydroxide (KOH), and all other chemicals
were purchased from Sinopharm Chemical Reagent Co., Ltd.
without purification before use.

2.2. Synthesis of BiVO4 nanosheets

The BiVO4 nanosheets were prepared by a hydrothermal
method.27 In a typical process, 5.0 mmol (2.45 g) of BiĲNH3)3
·5H2O was dissolved in 10.0 mL of 4.0 mol L−1 HNO3 solu-
tion, while 5.0 mmol (0.58 g) of NH4VO3 was dissolved in
10.0 mL of 2.0 mol L−1 NaOH solution. Then, 0.72 mmol
(0.25 g) of SDBS was added to both of the above solutions. Af-
ter stirring for 0.5 h, the two solutions were mixed into one
solution. The pH value of the mixed solution was adjusted to
7.0 by 2.0 mol L−1 NaOH solution, and the mixture solution
was further stirred for 0.5 h. This precursor solution was
poured into a Teflon-lined autoclave until 80% of the volume
of the autoclave was occupied. The autoclave was heated at
200 °C for 1.5 h. After the autoclave was cooled to room tem-
perature, the yellow precipitate was separated by high-speed
centrifugation, washed with distilled water and ethanol sev-
eral times, and then dried at 80 °C overnight.

2.3. Preparation of Pt–BiVO4 nanocomposites and the Pt–
BiVO4-modified electrode

The Pt deposited BiVO4 nanocomposites were obtained by a
photo-reduction method. The preparation process is as fol-
lows: 40 mg BiVO4 and 0.7 ml H2PtCl6 (3.8 × 10−2 M) were
added to 10 mL water including 20 vol% methanol in a 30
mL glass tube. Then, the tube was sealed and purged with Ar
gas for 30 min before initiating the irradiation. The as-
prepared sample was irradiated with Xe light under magnetic
stirring for 1 h. The precipitates were collected by centrifuga-
tion, washed with water and ethanol thoroughly, and then
dried at 60 °C overnight. The loading amount of Pt decorated
on the surface of BiVO4 nanosheets is 10 wt%.

Pt–BiVO4 coated onto an L-type glassy carbon electrode
(GCE, 3 mm in diameter) was synthesized as follows: 0.5, 1,
2, and 4 mg Pt–BiVO4 powders were dispersed in 1 mL wa-
ter–ethanol mixtures (Vwater :Vethanol = 1 : 1) and 20 μL Nafion
(5%, DuPond, USA) under ultrasonication for 1 h. After that,
5 μL of above suspension was deposited onto a pre-
polished GCE surface and dried at room temperature,
resulting in different mass amounts of the Pt–BiVO4 modified
electrode.

2.4. Photoelectrochemical measurements

The photoelectrochemical measurements were carried out in
a quartz beaker via a CHI 660E electrochemical workstation
(Shanghai Chenhua Instrumental Co., Ltd., China) with a
three electrode system, wherein the Pt–BiVO4 electrode acted
as a working electrode and saturated calomel electrode (SCE)
and Pt wires acted as reference and counter electrodes, re-
spectively. Cyclic voltammograms (CVs) of the Pt–BiVO4

electrode were monitored in 1.0 M CH3CH2OH + 1.0 M KOH
solution in the range of −0.7 to 0.2 V (vs. SCE). The
chronoamperometry (CA) and chronopotentiometry (CP) of
the Pt–BiVO4 electrode under dark conditions and visible
light illumination in 1.0 M CH3CH2OH + 1.0 M KOH solution
were conducted at a potential of −0.3 V and 50 μA, respec-
tively. Linear sweep voltammograms (LSVs) of the Pt–BiVO4

electrode were investigated in 1.0 M CH3CH2OH + 1.0 M KOH
solution in the range of −0.7 to −0.3 V (vs. SCE). Photocurrent
response measurements of the Pt–BiVO4 electrode were car-
ried out in 1.0 M CH3CH2OH + 1.0 M KOH solution at a po-
tential of −0.3 V. Electrochemical impedance spectroscopy
(EIS) was carried out by using 1.0 M CH3CH2OH + 1.0 M
KOH solution. The EIS spectra were recorded under an AC
perturbation signal of 5.0 mV over the frequency range from
100 kHz to 0.1 Hz at a potential of −0.4 V (vs. SCE).

The working electrodes were irradiated by using a Xe arc
lamp (150 W) equipped with a UV cut-off filter (>420 nm) for
visible light photoelectrochemical experiment.

2.5. Characterization

The morphology and structure of the products were analyzed
using a scanning electron microscope (SEM, S-4700), trans-
mission electron microscope (TEM, TecnaiG220) and HAADF-
STEM-EDX (JEM-3000F, operated at 300 kV). And the crystal
structures of the as-prepared samples were measured via
X-ray diffraction (XRD, PANalytical X' Pert Pro MRD). UV-vis
diffuse reflectance spectra (DRS, UV-VIS-NIR Shimadzu
UV3150, Japan) were recorded to study the optical properties
of the samples. X-ray photoelectron spectroscopy (XPS)
performed on an ESCALab220i-XL electron spectrometer was
employed to study the compositions. Fourier transform infra-
red (FTIR) spectra were acquired with a Shimadzu FTIR-8900
spectrometer. The Brunauer–Emmett–Teller (BET) surface
area was estimated using AsiQMVoTV000000-7 model instru-
ments to analyze the products.
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3. Results and discussion

Firstly, the morphology and component of the as-prepared
BiVO4 were characterized by TEM, SEM and EDX spectro-
scopy. Fig. 1A clearly shows the as-prepared BiVO4 with a 2D
nanosheet structure, and the size of the BiVO4 nanosheets
ranges from 100 to 600 nm. This structure provides a great
place for the attachment of Pt NPs. Secondly, to further dem-
onstrate the components of BiVO4, the HAADF-STEM image
with the corresponding EDX elemental mapping images of
the as-prepared BiVO4 nanosheets were obtained (Fig. 1B–E).
The results clearly show 2D sheet-like BiVO4 with different
components O, V and Bi elements in the as-detected samples.
The SEM images of the as-prepared samples were provided.
Fig. S1† shows the 2D nanosheet structure of BiVO4. After Pt
nanoparticles were deposited on the surface of BiVO4, some
particles can be observed on BiVO4. To confirm the compo-
nents of the as-prepared samples, the EDX spectra of BiVO4

and Pt–BiVO4 are shown in Fig. S2.† It can be seen that all
elements of BiVO4 and Pt–BiVO4 were successfully deter-
mined. In addition, the elemental composition of BiVO4 and
Pt–BiVO4 is summarized in Table S1,† and the weight amount
of Pt is ca. 11%, which is consistent with the theoretical
amount of Pt (10 wt%) in our preparation process.

In order to visually observe the size and the distribution
of Pt NPs on BiVO4 nanosheets, the TEM images with differ-
ent scanning magnifications of Pt–BiVO4 were examined
(Fig. 2 and Fig. S3†). From Fig. 2A, abundant Pt NPs were
uniformly distributed on the surface of BiVO4 nanosheets.
This phenomenon shows that Pt NPs are well dispersed on

the surface of 2D BiVO4 nanosheets, confirming the advan-
tage of 2D nanosheets. Moreover, as can be seen from Fig. 2B
and the size distribution (Fig. S3†), Pt NPs were uniformly de-
posited on the surface of BiVO4 nanosheets and the average
diameter of Pt NPs was calculated to be 3.5 nm (Fig. S3B†).

In addition, XPS has been employed to investigate the
chemical composition and interaction between Pt and BiVO4

in the Pt–BiVO4 composites, as shown in Fig. 3. Firstly, in the
BiVO4 sample, two peaks, Bi 4f7/2 and Bi 4f5/2, with binding
energies at 159.3 and 164.8 eV are observed in Fig. 3A.28,29

For the Pt–BiVO4 sample, the corresponding peaks of Bi 4f7/2
and Bi 4f5/2 shift to 160.4 and 166.2 eV, respectively. Besides
that, two signals at 517.4 and 524.5 eV in Fig. 3B are ascribed
to V 2p3/2 and V 2p1/2, respectively, which can be assigned to
the V5+ ion of BiVO4.

30–32 In the Pt–BiVO4 sample, similar to
Bi, the peaks of V 2p also have a shift and are located at
518.6 and 524.7 eV for V 2p3/2 and V 2p1/2, respectively. These

Fig. 1 TEM image (A), HAADF-STEM image (B), and the corresponding EDX elemental mapping images of O (C), V (D), and Bi (E) elements of BiVO4

nanosheets.

Fig. 2 Low (A) and high (B) magnification TEM images of Pt–BiVO4

nanocomposites.
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shifts came from the hybridization of Pt, in which the surface
electrons of BiVO4 are transferred to Pt.33 Lastly, as shown in
Fig. 3C, the binding energies of 71.5 and 75.2 eV correspond
to Pt 4f7/2 and Pt 4f5/2, respectively.

34,35 This result indicates
the successful formation of metallic Pt NPs in the BiVO4

species.
To further analyze the components of BiVO4 and Pt–

BiVO4, the XRD patterns of the as-prepared samples were also
studied. As shown in Fig. 3D, all diffraction peaks in the XRD
pattern of BiVO4 can be readily indexed to the specific crystal
planes of the BiVO4 phase (JCPDS No. 83-1699).36 This shows
that well-crystallized BiVO4 is obtained under the as-
synthesized conditions. In addition, the weak peaks at about
39.9°, 46.5° and 67.6° correspond to the characteristic refrac-
tion of Pt, which are assigned to the diffraction of the (111),
(200) and (220) planes of Pt (JCPDS No. 04-0802), respec-
tively.37,38 According to the Debye–Scherrer equation (D = kγ/
B cos θ, D: crystal diameter, k: Scherrer constant, B: width at
half maximum of the diffraction peak, θ: angle of deviation,
γ: X-ray wavelength), the particle size (D) of the Pt nano-
particles is ca. 3.9 nm, which is consistent with the results of
TEM (3.5 nm). Moreover, the FT-IR spectra of the as-
synthesized samples were detected, as shown in Fig. S4.† For
BiVO4, a very strong absorption band at 756 cm−1 with a
shoulder at 818 cm−1 (V–O) was detected, which was assigned
to the V–O covalent bond,37 further confirming the formation
of BiVO4. After Pt nanoparticles were deposited on the sur-

face of BiVO4 nanosheets, the FT-IR spectra did not show sig-
nificant changes, suggesting that the introduced Pt did not
cause changes in the BiVO4 structure.

Fig. 4 shows the UV-vis diffuse reflectance spectra of the
BiVO4 and Pt–BiVO4 samples. It's found that typical absorp-
tion edges around 520 nm were observed in both samples,
which corresponded to the intrinsic adsorption of BiVO4.
Moreover, in the Pt–BiVO4 sample, a tail absorption band
was detected in the visible region because of the black color
of metallic Pt. The basic optical properties of the BiVO4 semi-
conductor indicate that the as-prepared samples have

Fig. 3 XPS spectra of Bi 4f (A), V 2p (B), and Pt 4f (C) of Pt–BiVO4 (a) and BiVO4 (b). (D) XRD patterns of Pt–BiVO4 (a) and BiVO4 (b).

Fig. 4 UV-vis diffuse reflectance spectra of BiVO4 (a) and Pt–BiVO4 (b)
products.
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potential as visible-light-activated electrocatalysts for the
electrooxidation of ethanol.39,40

Before evaluating the catalytic activity of the EOR, the
electrochemical surface area (ECSA) of the electrode was in-
vestigated, as shown in Fig. S5.† The ECSA of Pt–BiVO4 was
calculated by using the equation ECSA = QH/0.21·M, (QH: the
amount of electron transfer (mC cm−2), M: the amount of Pt
on the electrode surface (mg cm−2), and 0.21 (mC cm−2) is
the Pt crystalline activity surface area transfer coefficient).
From Fig. S5,† the ECSA was detected to be 1.3 m2 g−1 for the
Pt–BiVO4 electrode under dark conditions. We also used BET
to detect the surface areas of BiVO4 and Pt–BiVO4. The BET
data show that the surface areas of BiVO4 and Pt–BiVO4 are
1.7 m2 g−1 and 2.5 m2 g−1, respectively, which are slightly
larger than the ESCA. Interestingly, the ECSA of Pt–BiVO4 in-
creased to 2.3 m2 g−1 when the electrode was under visible
light conditions. This result indicates superior charge–stor-
age properties under visible light irradiation for the Pt–BiVO4

electrode.41

To evaluate the catalytic performance of the as-prepared
samples, the activities of Pt–BiVO4 with different concentra-
tions for the catalytic oxidation of ethanol are shown in
Fig. 5. The CV measurements of Pt–BiVO4 and Pt NPs were
carried out in 1.0 M CH3CH2OH + 1.0 M KOH solution under
dark conditions and visible light irradiation, as shown in
Fig. 5A. Firstly, in the range of −0.7–0.2 V, two peaks were
detected with forward (ca. −0.30 V) and backward (ca. −0.35
V) peaks. Generally, the forward peak current density was
used to evaluate the performance of EOR. Under dark condi-
tions, the forward peak current densities were detected to be
591.3 and 608.2 mA mgPt

−1 for Pt–BiVO4 and Pt NP
electrodes, respectively. However, for Pt–BiVO4, the peak cur-
rent density is increased to 1555 mA mgPt

−1 when it was un-
der visible light conditions. This phenomenon clearly shows
that visible light promotes the electrocatalytic activity of the
Pt–BiVO4 in the EOR. We also summarize recent reports on
electrocatalytic oxidation of ethanol by using Pt-based electro-
catalysts within the last two years in Table S2.† The data show
our as-prepared electrodes with superior electrocatalytic per-

formance with the assistance of visible light irradiation.
Moreover, Fig. 5B visually shows that the best electro-
oxidation activity is 1555 mA mgPt

−1 at a catalyst concentra-
tion of 2 mg mL−1 under visible light irradiation, which is
much higher than electro-oxidation activities of 694, 1434,
and 679 mA mgPt

−1 for 0.5, 1, and 4 mg mL−1 under visible
light irradiation, respectively. The optimum concentration for
the catalyst is the concentration of 2 mg mL−1, which is bet-
ter for dispersion on the glassy carbon electrode.

To further study the PEC properties of the Pt–BiVO4 cata-
lyst, linear sweep voltammetry (LSV) of the Pt–BiVO4 nano-
composites toward ethanol oxidation under dark and visible
light irradiation have been performed. As shown in Fig. 6A,
at a given potential of −0.25 V, the current density of the Pt–
BiVO4 electrode was 949.4 mA mgPt

−1 for the EOR under visi-
ble light illumination, which was ca. 1.9 times higher than
that of Pt–BiVO4 without visible light illumination (500.8 mA
mgPt

−1). Additionally, the onset potential of Pt–BiVO4 under
visible light illumination is more negative compared to that
under dark conditions, indicating the better ethanol oxida-
tion capability.42 The photocurrent responses of Pt–BiVO4

and BiVO4 were measured by on/off irradiation of visible light
every 30 s in 1.0 M CH3CH2OH +1.0 M KOH solution at −0.3
V. As can be seen in Fig. 6B, the current density of the Pt–
BiVO4 electrode is always higher than the BiVO4 electrode, in-
dicating the better photoelectric properties of the Pt–BiVO4

nanocomposites.43 Moreover, the response photocurrent of
Pt–BiVO4 with an intensity of ca. 0.71 mA cm−2 upon visible
light irradiation is 1.5 times higher than that when visible
light irradiation is switched off (0.47 mA cm−2).

In addition, the long-term stability of catalysts is critical
for fuel cell applications. Chronoamperometric (CA) profiles
were obtained by applying a potential to the electrode in 1.0
M CH3CH2OH + 1.0 M KOH solution. From Fig. 7A, the Pt–
BiVO4 electrode showed an initial rapid decrease in current,
which may be attributed to the accumulation of adsorbed
species on the catalyst surfaces, followed by a subsequent
slow current decrease.44 In addition, it can be seen that the
Pt–BiVO4 catalyst with visible light irradiation had a much

Fig. 5 A: The 20th CV of Pt–BiVO4 (a and b) and Pt NPs (c) in 1.0 M CH3CH2OH + 1.0 M KOH solution under visible light irradiation (a) and dark
conditions (b). B: The histogram of activities of the Pt–BiVO4 electrode with different concentrations for the catalytic oxidation of ethanol under
visible light irradiation and dark conditions.
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higher initial current than the Pt–BiVO4 catalyst under dark
conditions. More importantly, the Pt–BiVO4 catalyst
maintained higher currents within 2000 s of the test under visi-
ble light illumination conditions than that without light illumi-
nation. The retained oxidation current density of Pt–BiVO4 for
the EOR under visible light illumination after 2000 s was 6.0
mA mgPt

−1, which was 2.3 times higher than that under dark
conditions (2.6 mA mgPt

−1).
Fig. 7B shows the chronopotentiometric (CP) curves of the

Pt–BiVO4 catalyst with and without visible light irradiation.
Firstly, there is a gradual increase of electrode potential at
first and then an instantaneous leap to a much higher poten-
tial. Due to the deep poisoning of the Pt–BiVO4 electrode, the
ethanol oxidation reaction cannot continue, and the potential
must jump to a higher potential. The antipoisoning ability of
catalysts can be evaluated by the time at which the electrode
potential jumps to a higher potential. The sustained time
values for the Pt–BiVO4 electrode under visible light and dark
conditions are 1015 and 365 s, respectively. Compared to
dark conditions, the antipoisoning ability of the as-prepared
Pt–BiVO4 electrode is 2.8 fold under visible light illumina-
tion, suggesting the better stability of the electrode under vis-
ible light irradiation.

Electrochemical impedance spectroscopy (EIS) is powerful
evidence to assess charge transfer resistances of electrode
materials. Fig. 8A shows the Nyquist plots of the Pt–BiVO4

electrode in 1.0 M CH3CH2OH + 1.0 M KOH solution under
visible light irradiation and dark conditions. It's easy to find
that the diameter of the semicircle arc of the Pt–BiVO4

electrode under visible light irradiation was smaller than that
under dark conditions. A smaller diameter of the semi-
circular arc generally means a faster interface charge transfer
rate. In order to visually show the charge-transfer resistance
parameter, the EIS spectra were fitted with the equivalent cir-
cuits (Fig. 8B), where Rct is associated with the charge-
transfer resistance at the electrode/solution interface, and Q
represents the electrode double-layer capacitance formed at
the electrode/solution interface. We can find that the Rct of
Pt–BiVO4 for the EOR under visible light irradiation is 2099
Ω, which is smaller than that of the working electrode under
dark conditions (4772 Ω). The above result indicates the ef-
fective interfacial charge transport and smaller resistance
upon visible light illumination.

To study the photoelectrocatalytic process of the ethanol
oxidation reaction, the EIS spectra of the Pt–BiVO4 modified
electrode at different potential ranges under visible light irradiation

Fig. 6 A: LSVs of the Pt–BiVO4 electrode under visible light irradiation (a) and dark conditions (b) in 1.0 M CH3CH2OH +1.0 M KOH solution. B:
Photocurrent responses of Pt–BiVO4 (a) and BiVO4 (b) electrodes in 1.0 M CH3CH2OH + 1.0 M KOH solution at −0.3 V. The illumination was
interrupted every 30 s.

Fig. 7 Chronoamperometric curves at −0.3 V (A) and chronopotentiometric curves at 50 μA (B) of the Pt–BiVO4 electrode under visible light
irradiation (a) and dark conditions (b) in 1.0 M CH3CH2OH + 1.0 M KOH solution.
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and dark conditions were investigated, as shown in Fig. 9.
Firstly, under a low potential range, the diameter of the semi-
circle arc decreases from −0.55 V to −0.4 V both under visible
light irradiation and dark conditions. This is because inter-
mediate species, which are generated during the ethanol oxi-
dation reaction, are removed at higher potentials, resulting
in a smaller diameter of the semicircle arc.43,45 When the po-
tential continually increases from −0.4 to −0.25 V, owing to
intermediate species poisoning at the oxidation potential, the
diameter of the semicircle arc is increased. At the applied po-
tential of −0.25 V, the arcs reversed to the second quadrant.
This is due to the recovery of catalytic active sites by the re-
moval of intermediate species from the electrode at the etha-
nol oxidation potential. When the potential further increased

from −0.25 V to −0.1 V, the semicircle arcs returned gradually
to a large diameter, because the intermediate species
returned back and the Pt surface was oxidized at such a high
potential.43,45 Similar to the electrode under visible light irra-
diation, the Pt–BiVO4 electrode shows similar tendencies
while displaying much larger diameters of semicircle arcs un-
der dark conditions. These results indicate effective interfa-
cial charge transport upon light photo-irradiation of Pt–BiVO4

in the ethanol oxidation reaction process.
To further confirm the photo-enhanced electrocatalytic ox-

idation activity of Pt–BiVO4, the different scan rates on etha-
nol oxidation of the Pt–BiVO4 electrode under visible light
and dark conditions were investigated. As shown in
Fig. 10A and C, the forward ethanol electro-oxidation peak

Fig. 8 A: Nyquist plots of the Pt–BiVO4 electrode under visible light irradiation (a) and dark conditions (b) in 1.0 M CH3CH2OH + 1.0 M KOH
solution at −0.4 V. B: Equivalent circuit was used for simulating the impedance spectrum of the Pt–BiVO4 electrode under visible light irradiation
and dark conditions.

Fig. 9 EIS spectra of the Pt–BiVO4 electrode in 1.0 M CH3CH2OH + 1.0 M KOH solution at different potentials under visible light irradiation (A–C)
and dark conditions (D–F).
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current density increased with the increase of the scan rates.
Additionally, from Fig. 10B and D, the forward peak current
(ip) shows a linear relationship with the square root of the
scan rate (v1/2), suggesting that the photo-enhanced electro-
catalytic oxidation of ethanol on the Pt–BiVO4 catalyst is con-
trolled by the diffusion process.34,46 For the purpose of inves-
tigation on the different electron-transfer kinetics of the as-
synthesized samples under visible light irradiation and dark
conditions, the diffusion coefficients (D) of the electrode un-
der different conditions were compared by using eqn (1):

(1)

The value of the ratio of diffusion coefficients (Dlight/Ddark)
is calculated to be 1.9. This result indicated that the electron
transfer kinetics of the Pt–BiVO4 catalyst is promoted by visi-
ble light irradiation, which results in better photo-enhanced
electrocatalytic ethanol oxidation performance.38

Based on the above investigations, when 2D BiVO4 was
used as a support for the decoration of ultra-small Pt NPs,
the activities and stabilities of the electrochemical properties
of Pt–BiVO4 were significantly enhanced under visible light ir-

radiation. The photo-enhanced electrocatalytic EOR mecha-
nism of Pt–BiVO4 is proposed and shown in Scheme 1.
Firstly, the 2D nanosheet-like BiVO4 provides an ideal sub-
strate for depositing Pt NPs, and these Pt NPs act as electro-
catalysts. The ethanol molecules would be adsorbed on the
surface of the electrocatalyst, and then they would be oxi-
dized.35 Secondly, when the electrode was under visible light
irradiation, BiVO4 was easily excited owing to its broad opti-
cal absorption in the visible light region. After BiVO4 was

Fig. 10 CVs of the Pt–BiVO4 electrode at different scan rates under visible light irradiation (A) and dark conditions (C) in 1.0 M CH3CH2OH + 1.0 M
KOH solution. The corresponding plots of the forward peak current versus the square root of the scan rate under visible light irradiation (B) and
dark conditions (D).

Scheme 1 Scheme of the electrocatalytic (EC) and photocatalytic (PC)
EOR on the Pt–BiVO4 electrode under visible light irradiation.
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excited, electrons and holes were generated in the conduction
band (CB) and valence band (VB), respectively. The adsorbed
ethanol molecules are oxidized on the surface of the catalyst
by these holes owing to the strong oxidation ability of
holes.29 Meanwhile, the corresponding electrons on the CB
were transferred to the Pt and then the electrons from the
EOR were transferred to the external circuit. This electron in-
jection results in the enhancement of the current. Moreover,
the intermediates (such as CO) during the EOR process
would be also removed by such holes, contributing to the
higher stability of the as-prepared Pt–BiVO4 electrode.

29

4. Conclusions

In conclusion, 2D BiVO4 nanosheets were used to be the
visible-light-responsive support for the decoration of Pt NPs.
The 2D nanosheets allow better dispersion of ultra-small Pt
NPs on the BiVO4 surface. The as-prepared Pt–BiVO4 compos-
ite further acted as a high-efficiency working electrode to
evaluate the electrocatalytic activity of ethanol oxidation. Due
to the synergistic effect of photocatalysis and electrocatalysis,
the Pt–BiVO4 electrode displayed much better EOR activity
and stability under visible light compared to that under dark
conditions. Such high separation efficiency of photo-
generated carriers leads to the boosting of the performance
of photoelectrocatalytic oxidation of ethanol. This feature fa-
cilitates a new avenue for the application of BiVO4 in fuel cell
reactions.
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