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Monoclinic bismuth vanadate (BiVO,4) shows promising application prospect in photoelectrochemical (PEC)
water splitting on account of its relatively ideal band gap to harvest sunlight. However, the poor charge migrate
property and sluggish water oxidation kinetics severely limit the PEC performance of BiVO,4 photoelectrodes. In
this work, BiVO4 photoanode with highly exposed (040) facets for superior charge transfer was prepared by a
seed assisted hydrothermal method. Moreover, cobalt single atoms stabilized in N-doped carbon nanosheet (Co
SAs-NC) was well modified on BiVO4 (040) (denoted as BiVO,4 (040)/Co SAs-NC) with much improved water
oxidation efficiency. The as-prepared BiVO4 (040)/Co SAs-NC photoanode generated 2.2 times higher photo-
current density than that of pristine BiVO4 (040) at 1.23 V vs. RHE, and presented nearly 100% charge injection
efficiency. The detail kinetic measurements reveal that the modified Co SAs-NC cocatalyst effectively suppresses
the carrier recombination and promotes the surface reaction kinetics. This work provides a promising strategy to
fabricate composite photoanodes for solar energy conversion based on facet engineering matched with single-

atomic-catalyst.

1. Introduction

Photoelectrochemical (PEC) water splitting has drawn much atten-
tion in the field of solar energy conversion, which provides a promising
route to efficiently harvest and utilize solar energy to generate sus-
tainable hydrogen fuel [1-4]. To achieve this goal, explore promising
photoelectrodes for driving cathodic hydrogen evolution reaction (HER)
and anodic oxygen evolution reaction (OER) is the critical issue for PEC
water splitting. In particular, the sluggish four-electron transfer process
of OER demands highly efficient photoanode to block the carrier
recombination and accelerate the kinetic of oxidation reaction [5-7]. Up
to date, various photoanodes based on the metal oxide semiconductors
(e.g., TiOy [8], ZnO [9,10], WO3 [11], FesO3 [12,13], and BiVO4
[14-16]) have been investigated with the purpose of high H; production
yield by improving the light adsorption, charge generation and utiliza-
tion efficiency. Among these photoanodes, monoclinic bismuth vana-
date (BiVOy4) has been intensively studied due to its relatively ideal band
gap to harvest sunlight [17-19]. However, poor charge carrier migrate
property and sluggish water oxidation kinetic limits its PEC performance
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[20-22], making it a challenge to fabricate BiVO4 based photoanode
with high charge separation and charge injection efficiencies.

Facet orientation of semiconductor crystals can dramatically affect
charge migration processes owing to the anisotropic facets with different
atomic coordination and arrangement [23-25]. It is reported that the
photo-generated electrons preferentially migrate to (001) facets while
holes preferentially gather on (11 0) facets of SrTiO3 nanocrystal [26].
However, the high chemical reactivity facets are always hard to be
fabricated because of high surface energy, which makes it unstable in a
conventional environment [27,28]. For instance, the (040) facets of
BiVO, are not preferentially grown crystal surface, but show higher PEC
activity [29], which makes it a challenge to control the BiVO4 photo-
anode with exposed active facet. On the other hand, the proper contact
between BiVO4 exposed facet and modified layer is also crucial to in-
crease the density of separated electron-hole pairs [30,31]. For
example, making an intimate close contact between BiVO4 and the black
phosphorene can more easily construct an electric field from the p/n
junctions to separate carriers [32]. It is reported that the poor semi-
conductor/cocatalyst interface may introduce new recombination sites
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of charge carriers that hindered the PEC performances [33-35]. Thus, it
is prospective that loading a small amount of cocatalysts on photoanode
can bring sufficient reaction sites but not influence crystal structure or
break the transfer of charge carriers.

Recently, single atom catalysts have been reported with remarkable
catalytic activity for energy conversions [36-39], which provide op-
portunity to build ideal semiconductor/cocatalyst interface of photo-
anodes for efficient PEC water splitting. For instance, Y. Pang and co-
workers [40] assembled bismuth single atoms on TiOy nanorods pho-
toanode, which indicated that a small amount of Bi single atoms loading
can significantly prolong the electron lifetime while reducing the
interface charge transfer resistance. Herein, we display the controlled
synthesis of BiVO4 grown on the conducting substrate with highly
exposed (040) facet, which is further modified by using cobalt single
atoms stabilized in N-doped carbon nanosheet (denoted as BiVO4 (040)/
Co SAs-NC). The as-developed BiVO4 (040)/Co SAs-NC photoanode
demonstrates 2.2 times higher photocurrent density than that of the
pristine BiVO4 (040). In addition, BiVO4 (040)/Co SAs-NC shows nearly
100% charge injection efficiency at 1.23 V vs. RHE, implying the ideal
semiconductor/cocatalyst interface and high OER catalytic activity of
Co SAs-NC. The Mott-Schottky measurements, time-resolved transient
photoluminescence and electrochemical impedance spectroscopy (EIS)
further reveal that Co SAs-NC facilitates the interface charge transfer
and charge injection in BiVO4 (040)/Co SAs-NC composite photoanode.

2. Experimental sections
2.1. Preparation of BiVO4 (040) photoanodes

The BiVOy4 seed layer fabricated on a FTO glass substrate was per-
formed in the light of a previously reported method [41]. And the syn-
thesis process for BiVO4 (040) photoanode was improved from that
reported by Li et al [42]. For a typical synthesis procedure, 8 mL of 2.0 M
NaOH aqueous solution with 11.698 mg NH4VO3 and 8 mL of 2.0 M
HNO3 aqueous solution contained 48.507 mg Bi(NOs3)3-5H20 were
mixed together, followed by adding concentrated nitric acid until the pH
value becomes 0.9. Then the solution was filled into a stainless steel
autoclave with a PTFE liner with a capacity of 25 mL. Hydrothermal
growth was performed at 180 °C for different hours, where the optimal
value was 3 h. The produced photoanode was then calcined for 2 h at
450 °C. BiVO4 (040) below in this work refers to the photoanode under
hydrothermal growth of 3 h.

2.2. Preparation of BiVO4 (040)/Co SAs-NC and BiVO4 (040)/Co NPs-
NC photoanodes

BiVO4 (040)/Co SAs-NC was prepared firstly by electrochemical
synthesis of CoZn-zeolitic imidazolate framework (CoZn-ZIF) on the
surface of BiVO4 (040) facet. Typically, electrochemical synthesis of ZIF
precursor was conducted on a three-electrode cell with BiVO,4 (040)
photoelectrode as the working electrode, Pt wire as the counter elec-
trode, and Ag/AgCl as the reference electrode. The electrolyte for elec-
trochemical synthesis of ZIF-CoZn (Co: Zn = 1:9) films was prepared by
adding an aqueous solution containing 2-methylimidazole (2-MIM) (40
mL, 2.627 g) into 40 mL aqueous solution containing 1.339 g Zn
(NO3)2:6H20 + 0.116 g Co(NO3),-6H0, and the ZIF film was growth
under a potential of —1.0 V vs. Ag/AgCl. After that, the BiVO4 (040)/ZIF-
CoZn was pyrolyzed for 3 h at 450 °C under N3 atmosphere.

Co nanoparticles on nitrogen-doped carbon nanosheets on the (040)
facet of BiVO,4 photoanode (denoted as BiVO4 (040)/Co NPs-NC) was
prepared with a similar method. The precursors were synthesized by
electrochemical synthesis of ZIF-67 (Co: Zn = 1:0). The electrolyte for
electrochemical synthesis of ZIF-67 (Co: Zn = 1:0) films was conducted
by adding 1.164 g Co(NO3)2-6H20 instead of 1.339 g Zn(NOs3)2-6H20 +
0.116 g Co(NO3)2-6H0.

Chemical Engineering Journal 427 (2022) 131011

2.3. Photoelectrochemical measurements

The PEC measurements were carried out in a quartz cell of the three-
electrode configuration with Pt wire counter electrode and Ag/AgCl
reference electrode. The 0.1 M phosphate buffer solution (PBS, pH = 7)
was filled in quartz cell, which was also irradiated under simulated solar
illumination (AM 1.5 G, 100 mW cm~2) with a 300 W Xenon lamp. The
potential range of linear sweep voltammograms (LSV) were from —0.4
to 1.2 V vs. Ag/AgCl. The sweep rate was 20 mV s 1.

Electrochemical impedance spectroscopy (EIS) was performed at
1.23 V vs. RHE with a frequency between 100 kHz and 0.1 Hz and 0.1 V
amplitude of perturbation under illumination.

3. Results and discussion
3.1. Materials preparation and characterization

Scheme 1 illustrated the preparation process of the BiVO4 (040)/Co
SAs-NC photoanode. BiVO, seed layer was prepared by electrosynthesis
Bi metal layer on FTO substrate and followed with thermal transition of
VO (acac);, and Bi to BiVO4 (Fig. S1). Then, (040)-crystal facet oriented
BiVO4 photoelectrode (denoted as BiVO,4 (040)) was hydrothermally
synthesized based on the seed layer. ZIF-CoZn (Co: Zn = 1:9) precursor
nanosheets were in-situ grow on BiVO,4 (040) by our previous method
[44]. After following pyrolysis process, cobalt single atoms on nitrogen-
doped carbon nanosheet were achieved in BiVO4 (040)/Co SAs-NC. The
mechanism of Co single atom formation is that the excess zinc ions tend
to isolated cobalt ion in ZIF-CoZn, then Zn will evaporate in pyrolysis
while Co is reduced by the surrounding organic linker to form a Co-N
bond [45]. In order to give a comparison study, cobalt nanoparticles on
nitrogen-doped carbon nanosheet was also prepared by pyrolysis of ZIF-
67 (without Zn) precursor on BiVO4 (040) photoanode (denoted as
BiVO4 (040)/Co NPs-NC).

Fig. 1a shows X-ray diffraction (XRD) patterns of BiVO4 (040) pho-
toanode, and the diffraction peaks corresponding to the monoclinic
scheelite BiVO,4 (JCPDS#14-0688). As illustrated in Fig. S2, the peak
intensity of (—121) plane is about 4 times that of (040) plane in the
conventional XRD patterns of BiVO4 card. The peak at 30.5° corre-
sponding to (040) facet of BiVO4 is much stronger than the (—121) facet
after hydrothermal treatment, confirming the successful synthesis of
BiVO4 with the preferable orientation of (040) facet. After modifying
with Co SAs-NC, no new metal peak presence for BiVO4 (040)/Co SAs-
NC indicates the monodisperse of Co metal (Fig. 1a). In contrast,
BiVO4 (040) modified with Co NPs-NC photoanode presents additional
diffraction peak at 26 44°, which is ascribed to (111) plane of face-
centered cubic Co crystals [46]. Top and cross-sectional scanning elec-
tron microscopy (SEM) images of BiVO4 (040) photoanode reveal that
BiVO4 microplates with well-defined crystal facets are grown paralleled
on the FTO substrate (Fig. 1b). The average size of microplates and the
film thickness is about 2.5 and 5 pm, respectively. ZIF-CoZn precursor
with 40-60 nm width nanosheet were vertically grown on BiVO, surface
(Fig. S3). After pyrolysis process, it has a shrink and adheres to the (040)
facets of BiVO4 along with the transformation of ZIF-CoZn to Co SAs-NC
(Fig. 1c). The energy dispersive X-ray (EDX) mapping image of as-
prepared BiVO4 (040)/Co SAs-NC photoanode was displayed in
Fig. S4a, which indicates the existence of Bi, O, V, C, N and Co elements.
EDX spectrum further verified the presence of the above elements,
except for Co (Fig. S4b), which may be due to the extremely low loading
amount of cobalt in the form of single atoms. Transmission electron
microscope (TEM) images show that no Co NPs were found in BiVO4
(040)/Co SAs-NC (Fig. 1d), further suggesting the atomic disperse of Co.
In the selected area electron diffraction (SAED) pattern, the poly-
crystalline nature of BiVO4 (040) was confirmed by observed diffraction
rings (Fig. 1f), which can be assigned to the (040) and (—121) planes of
BiVO4 (040)/Co SAs-NC. The high-resolution transmission electron mi-
croscopy (HRTEM) gives the lattice fringes with the spacing of 0.292 nm
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Scheme 1. Schematic illustration for the fabrication of BiVO4 (040)/Co SAs-NC photoanode.

can be indexed to the BiVO4 (040) plane (Fig. 1g) [47]. Subsequent FFT-
transformation of Fig. 1g further verified the existence of (040) plane
(Fig. 1h). Moreover, the atomic-resolution high angle annular dark-field
scanning transmission electron microscope (HAADF-STEM) image of
BiVO4 (040)/Co SAs-NC preliminarily verified the existence of Co single
atoms (Fig. 1i). For reference sample of BiVO4 (040)/Co NPs-NC, a great
quantity of cobalt nanoparticles was distributed on the N-doped carbon
nanosheets (Fig. S5).

XPS analysis is conducted to reveal the chemistry and bonding states
at surface in BiVO4 (040)/Co NPs-NC and BiVO4 (040)/Co SAs-NC
photoanodes (Fig. S6). Fig. 2a shows the high-resolution XPS spectrum
for Co 2p. Two peaks at 782.8 and 795.1 eV can be observed in BiVO4
(040)/Co SAs-NC, which is attributed to Co-Ny [45]. In contrast, the
characteristic peak of Co metal 2ps,» for BiVO4 (040)/Co NPs-NC is
observed, indicating the existence of metallic state. The XPS spectrum
for N 1s reveals that graphitic-N, pyrrolic-N, Co-N, and pyridinic-N are
composited of nitrogen species in N-doped carbon nanosheets (Fig. 2b).
Moreover, the coordination environment of single-atom-Co in BiVO4
(040)/Co SAs-NC was verified by XAS with cobalt phthalocyanine
(CoPc) and Co foil as reference samples. The X-ray absorption near-edge
structure (XANES) spectra of BiVO4 (040)/Co SAs-NC is distinctly
different from that of Co foil, demonstrating the absence of Co metal
(Fig. 2c). The pre-edge peak of BiVO4 (040)/Co SAs-NC at 7710 eV is
ascribed to the transition of electrons from core 1s orbitals to unoccu-
pied 3d orbitals of the cobalt atoms [48], which indicates its symmet-
rical tetrahedral structure. The XANES spectra of CoPc show peaks
located at 7714-7716 eV, deriving from 1s to 4p electron transition in
Co-N4 square-planar structures [49]. The existence of peak at 7710 eV
and the absence of fingerprint peaks of Co-N4 in BiVO4 (040)/Co SAs-NC
both implies its nonplanar structures in Co SAs. The Fourier transforms
k3—weighted extended X-ray absorption fine structure (EXAFS) of BiVO4
(040)/Co SAs-NC exhibits peak at 1.46 }o\, which is assigned to the iso-
lated Co-N bonds (Fig. 2d) [50]. The absence of Co-Co bonding located
at around 2.18 A further confirms the evolution of single atoms in BiVOy4
(040)/Co SAs-NC. These characterizations indicate that Co is single-
atomically dispersed and stabilized by isolated Co-N bonds on the N-
doped carbon nanosheet. All the above results adequately prove the
successful fabrication of BiVO4 (040)/Co SAs-NC.

3.2. Studies on enhanced PEC performances

The PEC water oxidation measurements were carried out with a
three-electrode system in 0.1 M phosphate buffer solution (pH = 7). The
LSV measurement in Fig. 3a shown that the photocurrent density of
BiVO4 (040)/Co SAs-NC photoanode reaches 0.69 mA cm 2at1.23 Vs,
RHE, 2.2 and 1.5 times higher than that of the pristine BiVO4 (040) and
BiVOy4 (040)/Co NPs-NC, respectively. The onset potential of Co SAs-NC
and Co NPs-NC modified photoanodes both reduced from ~0.47 V to
~0.35 V compared to pristine BiVO4 (040) photoanode (Fig. 3b).
Moreover, transient photocurrent tests under intermittent light were
performed (Fig. 3c). The prompt and reproducible photocurrent
response of the three samples suggests the fast light response. What can
be clearly observed is that the photocurrent spikes of BiVO4 (040)/Co
SAs-NC photoanode almost disappeared during the ON-OFF cycles of
the irradiation signal, suggesting that Co SAs facilitates the utilization of
accumulated carriers [51]. Moreover, the applied bias photon-to-current
conversion efficiency (ABPE) was calculated based on the photo-
current-voltage curves (Fig. 3d). The maximum ABPE of BiVO4 (040)/
Co SAs-NC photoanode was 0.15% at 0.82 V, shown significantly
enhancement than that of BiVO4 (040)/Co NPs-NC (0.10%) and pristine
BiVO4 (040) (0.04%). The above results indicate that BiVO4 (040)/Co
SAs-NC exhibits the best PEC performance in the as-prepared three
samples.

In addition, pure BiVO4 with different exposure degrees of (040)
facets can be obtained by regulating hydrothermal duration. Six BiVO4
samples with hydrothermal times of 1, 2, 3, 6, 9, and 12 h were prepared
respectively (Fig. S7). We set (040)/(—121) intensity ratio in the XRD
patterns to represent the exposure degree of (040) facets. BiVO4 pho-
toanode with hydrothermal time of 3 h shows the highest (040)/(—121)
ratio value (Fig. S8). Moreover, the PEC performance of as-fabricated
BiVO4 photoanodes positively correlated to the intensity ratio of
(040)/(—121), indicating the high PEC oxidation activity of (040) facets
(Fig. S9). In addition, the Co SAs-NC cocatalyst loading amount on
BiVO4 can be facilely regulated by controlling the electrosynthesis time
of ZIF-CoZn precursor. The ZIF nanosheets grow thicker and bigger as
increase of deposition time (Fig. S10). The electrochemical measure-
ments of four samples with ZIF precursor deposition time of 10, 20, 30
and 40 s are shown in Fig. S11. In the dark, the BiVO4 (040)/Co SAs-NC
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Fig. 1. (a) XRD patterns of FTO substrate, BiVO4 (040), BiVO4 (040)/Co NPs-NC and BiVO4 (040)/Co SAs-NC. (b) SEM images with top and cross-sectional views
(inset) of BiVO4 (040) photoanode. (¢) SEM and (d) TEM images, (¢) TEM image and (f) SAED pattern (selection area is Fig. 1e), (§) HRTEM image and (h) FFT-
transformation pattern (selection area is Fig. 1g), (i) HAADF-STEM image of BiVO,4 (040)/Co SAs-NC photoanode.

photoanode with deposition time of 40 s presents the best electro-
chemical water oxidation reaction, indicating that Co SAs-NC is an
effective OER cocatalyst. But under illumination, composite photoanode
with deposition time of 20 s showed the best PEC activity. This implies
that Co SAs-NC at high loading amount could also act as charge
recombination centres, resulting in the decrease of PEC activity. Thus,
BiVO4 (040)/Co SAs-NC or BiVO4 (040)/Co NPs-NC with 20 s deposition
of ZIF-CoZn precursor were selected to prepare the relevant composite
photoanodes.

4. Mechanism discussion

The optical properties of BiVO4 (040), BiVO4 (040)/Co NPs-NC and
BiVO4 (040)/Co SAs-NC were investigated by UV-vis diffuse reflectance
spectroscopy and photoluminescence (PL) emission spectra. The spectra
in Fig. 4a exhibited that the absorption edge of BiVO4 (040)/Co NPs-NC
and BiVO4 (040)/Co SAs-NC was basically same with BiVO,4 (040),
indicating the low loading of Co-NC cocatalyst. The PL emission peak at
535 nm displayed by pristine BiVO4 (040) photoanode was rather
strong, corresponding to the recombination of holes and electrons of

BiVOy. The PL intensity of BiVO4 (040)/Co NPs-NC and BiVO4 (040)/Co
SAs-NC photoanode has a significant decline, indicating that the loading
of Co cocatalysts suppresses recombination of photogenerated charge
carriers, while the cobalt in the form of a single atoms has a better effect
than nanoparticles. The charge separation efficiency and surface charge
injection efficiency are further investigated using HoO2 as holes scav-
enger (Fig. S12), and the results are shown in Fig. 4c and 4d. The charge
separation efficiencies of BiVO4 (040)/Co SAs-NC slightly improved,
demonstrating that the charge separation property of original BiVO4 has
been relatively limited impacted by loading cocatalysts. In contrast to
the above, the charge injection efficiency of BiVO4 (040)/Co SAs-NC is
calculated to be 99.47% at 1.23 V vs. RHE, which has significant
improvement compared to pristine BiVO4 (040) (53.26%) and BiVO4
(040)/Co NPs-NC (69.73%). This suggests that Co SAs-NC can dramat-
ically promote surface water oxidation kinetics.

Due to the unsatisfactory charge separation efficiency, it is necessary
to increase the calcination temperature of the photoanode to explore
whether the increase in crystallinity can further improve the efficiency
of the photoanode. As shown in Fig. S13a, the photoanode calcined at
600 °C all show improved charge separation efficiency, while the charge
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injection efficiency is significantly decreased (Fig. S14). The XRD pat-
terns of Fig. S15a shows that the (040)/(—121) intensity ratio of BiVO4
(040)/Co SAs-NC calcined under 600 °C is declined, which is consistent
with the result of SEM images (Fig. S15b and S15c). It is confirmed that
the high exposure of (040) facet is a necessary factor to ensure the hole
utilization efficiency.

The EIS measurements were performed to investigate the charge
transfer behaviors. The equivalent circuit fitting of the EIS Nyquist plot
(Fig. 4e) can get R and Rg, which represent the interface charge transfer
resistance and series resistance respectively [14]. The R of each sample
are similar, while the R; of BiVO4 (040)/Co NPs-NC (875.1 Q) is smaller
than that of BiVO4 (040) (1833 ), which implied preferable charge
transport by introducing Co NPs-NC. This can be ascribed to the quick
charge transport to cocatalyst with following enhanced OER kinetics.
Furthermore, the BiVO4 (040)/Co SAs-NC photoanode displays the
minimum charge transfer resistance (679.4 Q), indicating the fastest
interface charge transfer kinetics. In addition, the electron lifetime (z¢)
was calculated from Bode phase plots (Fig. 4f) [43]. The 7. values were

0.61 ms, 1.30 ms and 2.34 ms corresponding to BiVO4 (040), BiVO4
(040)/Co NPs-NC and BiVO4 (040)/Co SAs-NC photoanodes, respec-
tively. The long electron lifetime in BiVO4 (040)/Co SAs-NC also implies
that Co SAs-NC can facilitate the interfacial charge transfer.

The charge recombination behavior of three samples was investi-
gated by chronoamperometry (Fig. 5a). Anodic photocurrent spike (Ii,)
and stabilized photocurrent (Iy) are associated with the accumulation of
photogenerated electrons. To quantitatively determine the charge
recombination behavior, the transient decay rate (D) and decay time
(zp) were calculated to reflect the charge recombination [52]. The
Fig. 5b shows that the 7, of BiVO4 (040)/Co SAs-NC photoanode is 2.0 s,
which is longer than 0.6 s of BiVO4 (040) and 1.0 s of BiVO4 (040)/ Co
NPs-NC. The long 7p for BiVO4 (040)/Co SAs-NC photoanode demon-
strates lower charge carrier recombination rate. To gain insight into the
photogenerated charge carrier kinetics, the time-resolved transient
photoluminescence measurements were carried out (Fig. 5c). The
average fluorescence lifetime values are determined to be 1.10, 1.16 and
1.98 ns for BiVO4 (040), BiVO,4 (040)/Co NPs-NC and BiVO4 (040)/Co
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Fig. 5. (a) Transient photocurrent responses at 1.23 V vs. RHE, (b) normalized plots of the current-time dependence for the anodic transients, (c) time-resolved
transient photoluminescence and (d) Mott-Schottky plots collected at a frequency of 1 kHz in dark for BiVO4 (040), BiVO,4 (040)/Co NPs-NC and BiVO,4 (040)/

Co SAs-NC, respectively.

SAs-NC photoanodes, respectively. The prolonged fluorescence lifetime
of BiVO4 (040)/Co SAs-NC demonstrates the long life of minority charge
carriers due to the rapid utilization of holes in Co SAs cocatalyst. Long
life of excited charge carriers in BiVO4 (040)/Co SAs-NC should bring
about high carrier density (Ng), which is estimated by Mott-Schottky
measurement (Fig. 5d). It is calculated to be 1.89 x 1019, 3.68 x 10'°
and 3.24 x 10%° cm™2 for BiVO,4 (040), BiVO4 (040)/Co NPs-NC and
BiVO4 (040)/Co SAs-NC, respectively.

The above results demonstrate that BiVO4 (040)/Co SAs-NC photo-
anode show enhanced charge transfer and charge injection efficiencies
based on facet engineering matched with single-atom-Co cocatalyst. It is
well known that the measuring photocurrent is equal to the product of
theoretical photocurrent, charge separation efficiency and charge in-
jection efficiency. UV-vis diffuse-reflectance spectra prove that the
modification of Co SAs-NC does not affect the light absorption of BiVO4
(Fig. 4a). Moreover, the charge separation efficiency of BiVO4 (040)/Co
SAs-NC slightly increased, while the charge injection efficiency of BiVO4
(040)/Co SAs-NC has been significant improved compared to pristine
BiVO4 (040), as shown in Fig. 4c and Fig. 4d respectively. From the
above results, we can conclude that the modification of Co SAs-NC clear
increases the activity of BiVO4 by largely enhancing its charge injection
efficiency. The mechanism of BiVO4 (040)/Co SAs-NC photoanode is
illustrated in Scheme 2. Under illumination, photoexcited holes (h™) and
electrons (e’) rapidly migrated to the semiconductor/cocatalyst inter-
face and FTO respectively owing to the faster charge transfer rate of
(040) crystallographic orientation BiVOy, and the efficient conductivity
N-doped carbon nanosheets. Furthermore, highly exposed (040) facets
and cobalt single atoms have high chemical reactivity, which leads to
the improvement of hole injection efficiency. The rapid hole injection
avoids the excessive accumulation and recombination of holes and en-
sures the effective utilization of photogenerated charges.

H,O0 7

0
Y o o v

Co Single Atoms

N-doped \ Fast Injection
Carbon
Nanosheet
BiVO,(040) h*||
FTO
hv

Scheme 2. The schematic diagram of the BiVO,4 (040)/Co SAs-NC photoanode
under illumination.

5. Conclusions

In conclusion, single-atomic-Co cocatalyst on (040) facet of BiVOy4
photoanode has been successfully prepared, in which the highly exposed
(040) facets BiVO,4 was synthesised by regulating hydrothermal duration
and Co SAs-NC cocatalyst loading amount can be facilely controlled by
the electrosynthesis time. The XPS and XAS confirm the single-atomic-
Co stabilized in BiVO4 (040)/Co SAs-NC by isolated Co-N bonds. The
as-prepared BiVO4 (040)/Co SAs-NC presents excellent photocurrent
density and nearly 100% charge injection efficiency. The time-resolved
transient photoluminescence, EIS and Mott—Schottky measurements
reveal that Co SAs-NC facilitate the charge transfer and charge injection
of BiVO4 (040). It is expected that the facet engineering strategy and
single-atom cocatalyst modification can be applicable to other
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photoelectrodes for advanced performance in the field of PEC water
splitting.
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