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ABSTRACT: Monoclinic BiVO4 is one of the most promising
photoanode materials for solar water splitting. The photoelectrochemical
performance of a BiVO4 photoanode could be significantly influenced by
the noncovalent interactions of redox-inert metal cations at the
photoanode−electrolyte interfaces, but this point has not been well
investigated. In this work, we studied the Cs+-dependent surface
reconstruction and passivation of BiVO4 photoanodes. Owing to the
“structure breaker” nature of Cs+, the Cs+ at the BiVO4 photoanode−
electrolyte interfaces participated in BiVO4 surface photocorrosion to
form a Cs+-doped bismuth vanadium oxide amorphous thin layer, which
inhibited the continuous photocorrosion of BiVO4 and promoted surface
charge transfer and water oxidation. The resulting cocatalyst-free BiVO4
photoanodes achieved 3.3 mA cm−2 photocurrent for water oxidation.
With the modification of FeOOH catalysts, the photocurrent at 1.23 VRHE reached 5.1 mA cm−2, and a steady photocurrent of 3.0
mA cm−2 at 0.8 VRHE was maintained for 30 h. This work provides new insights into the understanding of Cs+ chemistry and the
effects of redox-inert cations at the electrode−electrolyte interfaces.
KEYWORDS: water oxidation, BiVO4, cesium, cation effect, water splitting

■ INTRODUCTION
Photoelectrochemical (PEC) water splitting by semiconductor
photoanodes offers a promising way to convert solar energy to
hydrogen energy. Monoclinic bismuth vanadate (BiVO4) is an
attractive and widely researched photoanode material owing to
its appropriate band gap of 2.4 eV, light absorption up to 540
nm, matching band edge for water splitting, long carrier
lifetime of 40 ns, nontoxicity, and low cost. However, the PEC
water splitting performance of the pristine BiVO4 photoanode
is largely hampered by its short electron-diffusion length and
sluggish water oxidation kinetics.1 Based on various validated
strategies such as morphology engineering,2 heterostructure
formation,3−5 element doping,6,7 crystal facet engineering,8,9

and modification of water-oxidation catalysts,10−13 the bench-
mark water-splitting photocurrent by BiVO4 photoanodes has
exceeded 5.0 mA cm−2, approaching its estimated maximum of
7.5 mA cm−2.

Alkali and alkaline metal cations are of great importance in
chemical and biological redox processes.14−16 For instance,
Ca2+ plays a pivotal role in water oxidation through the
Mn4CaO5 oxygen-evolving complex (OEC),17 and Zn2+ greatly
affects the dismutation of O2

•- in copper-zinc superoxide
dismutase (CuZn-SOD).18 It has also been reported that
noncovalent interactions of redox-inert metal cations with
metal−oxygen species can regulate the reactivity of high-valent

metal-oxo, peroxo, and superoxo species.19,20 Since the PEC
water oxidation takes place at the BiVO4 photoanode−
electrolyte interfaces, cations in the electrolyte may interact
with the surface high-valent bismuth−oxygen and vanadium−
oxygen species.21 Therefore, the PEC performance is indeed
dependent on both the electrode and the electrolyte; however,
there has been less research on the latter.

Cs+ has the largest ionic radius among the nonradiative
cations.22 Consequently, it has the lowest Lewis acidity and
electronegativity and the highest molar conductivity; its
corresponding alkali hydroxide has the highest basicity.22

The Cs+ in aqueous solution is a “structure breaker,” which
generates less structured H2O network, more isolated H2O,
and partially desolvated Cs+.23,24 In studies of the cation effect
on Pt electro-catalyzed oxygen reduction, hydrogen oxidation,
and methanol oxidation, the best catalytic performance was
obtained when electrolytes contain Cs+ because Cs+ and the
adsorbed hydroxyl on Pt have the weakest noncovalent
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interactions.25 In CO2 electroreduction studies, Cs+ stabilizes
the CO2

− intermediates and dramatically enhances the CO
production efficiency.26,27 Cs+ shows the most significant effect
on the activity and selectivity of C2+-products among alkali
metal ions.28,29 In the water oxidation catalyzed by a CuF2
complex, the catalytic performance is completely dependent on
the presence of Cs+ in the electrolyte.28,30 More reports
demonstrated that Cs+ is essential in promoting the catalytic
properties of NiOOH,31 NiFeOOH,32,33 and MnOx in water
oxidation.34−36

Owing to the intrinsic element nature of Cs+, the Cs+ in the
electrolyte displayed unique and unexpected effects on
electrocatalysis.21,37−39 However, improving the PEC water
splitting of photoanode by effects of Cs+ at the photoanode−
electrolyte interfaces has not been discovered. Herein, we first
report a Cs+-dependent surface reconstruction and passivation

of BiVO4 photoanodes, which is observed as a significant PEC-
activation effect. The BiVO4 photoanodes after Cs+-induced
PEC-activation attained a photocurrent of 3.3 mA cm−2 at 1.23
VRHE and the onset potential of water oxidation cathodically
shifted to 0.35 VRHE. Control experiments, physical character-
ization studies, carrier dynamics studies, dark electrochemical
analyses, and density functional theory (DFT) calculations
were carried out to investigate the Cs+-dependent PEC
activation. As a result, the remarkable improvement in PEC
water oxidation was attributed to the formation of a functional
Cs+-doped bismuth vanadium oxide amorphous thin layer
(denoted as the CsBiVO layer) on the BiVO4 surface via a
surface reconstruction process that relies on the presence of
Cs+ in the electrolyte.

Figure 1. (a) J−t curves of BiVO4 at 0.8 VRHE bias in different borate buffer electrolytes. (b) J−V curves of BiVO4 and Cs-BiVO4 photoanodes. (c)
J−t curves of BiVO4 and Cs-BiVO4 photoanodes measured at 0.8 VRHE. (d) ABPEs of BiVO4 and Cs-BiVO4 photoanodes. (e) J−t curves of Cs-
BiVO4 photoanodes measured at 0.8 VRHE. Measurements of (b−d) were performed in 1.0 M potassium borate buffer (pH 9.5) under AM 1.5 G
simulated sunlight (100 mW cm−2) at a scan rate of 10 mV s−1. Measurement of (e) was performed in 1.0 M cesium borate buffer (pH 9.5).
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■ RESULTS

Cs-BiVO4 Formed from the Cs+-Dependent PEC-Activation

The wormlike nanoporous BiVO4 photoanodes employed in
this study were prepared according to the literature and were
characterized by scanning electron microscopy (SEM), X-ray
diffraction (XRD), and UV−vis absorption spectroscopy
(Figure S1).40 Cs+-dependent PEC activation was first
observed in the photocurrent−time (J−t) curves of BiVO4
photoanodes tested in the borate buffer solution (pH 9.5). As
shown in Figure 1a, under a bias of 0.8 VRHE, the photocurrent
of BiVO4 photoanodes in the borate buffer solutions with Li+,
Na+, and K+ remained stable for approximately 1000 s and
then decreased gradually. This is a typical photocorrosion
phenomenon of BiVO4 photoanodes owing to the intrinsic
stability of the BiVO4 structure.41 Surprisingly, in the borate
buffer solution containing Cs+, after a rapid decrease in the first
several hundred seconds, the photocurrent began to rise
continuously until it reached a plateau after 8000 s. The final
stable photocurrent was approximately 10 times higher than
the final photocurrent of BiVO4 photoanodes tested in the
borate buffer solutions with other cations. After the J−t tests,
all the BiVO4 photoanodes were removed from the electrolyte,
rinsed with Milli-Q water, and dried under N2 flow. The
photoanodes placed in the solutions with Li+, Na+, K+, and Cs+

were denoted as Li-BiVO4, Na-BiVO4, K-BiVO4, and Cs-
BiVO4, respectively. The photoanode after directly dipping in
the cesium borate buffer solution for 3 h in the dark was
denoted as immersion-BiVO4.

The Cs+-dependent PEC activation was then confirmed by
the photocurrent−potential (J−V) curves of Li-BiVO4, Na-
BiVO4, K-BiVO4, and Cs-BiVO4 in potassium borate buffer
(Figure S2a) and cesium borate buffer solutions (Figure S2b).
The J−V curve of Cs-BiVO4 is several times higher than those
of pristine BiVO4, Li-BiVO4, Na-BiVO4, and K-BiVO4.
Compared to pristine BiVO4 (Figure 1b), the PEC water
oxidation onset potential (at J = 0.1 mA cm−2) shifted from
0.53 to 0.35 VRHE. A photocurrent of 3.3 mA cm−2 is achieved

at 1.23 VRHE, which is among the best performances of co-
catalyst-free BiVO4 photoanodes (Table S1). Under a bias of
0.8 VRHE, the stable photocurrent density of Cs-BiVO4 is about
10 times higher than that of pristine BiVO4 (Figure 1c). The
significantly enhanced PEC performance of Cs-BiVO4 can also
be demonstrated in the applied bias photon-to-current
efficiency (ABPE, Figure 1d) and incident photon-to-current
conversion efficiency (IPCE, Figure S3). The Faraday
efficiency of oxygen evolution of Cs-BiVO4 is 95% under 0.8
VRHE (Figure S4). Regarding the stability of Cs-BiVO4, a
steady photocurrent density of 2.25 mA cm−2 lasting over 2 h
is achieved when cesium borate buffer is used as an electrolyte
(Figure 1e).

To reveal whether the Cs+-dependent PEC activation also
occurs for BiVO4 photoanodes prepared by other methods, we
made a BiVO4 photoanode by using a successive ionic layer
adsorption and reaction (SILAR) method.42 The SILAR-
BiVO4 was then subjected to J−t test in both potassium borate
buffer and cesium borate buffer solutions. As shown in Figure
S5, the SILAR-BiVO4 photoanode showed typical photo-
corrosion phenomenon for the test with potassium borate
buffer, and the PEC-activation was also observed for the test
with cesium borate buffer, indicating the universality of the
Cs+-dependent PEC activation. Since the cation species in the
electrolytes are the only variable, the observed PEC-activation
effect purely depends on Cs+. As shown in the control
experiments, illumination and bias are also necessary
conditions for PEC activation (Figures S6−S8); however, the
presence of Cs+ in the electrolyte is essential. It is speculated
that the Cs+-dependent PEC activation occurs through a new
underlying mechanism different from the reported photo-
charging43 and borate-treatment effects.44

Moreover, it should be noted that Gao et al. reported the
significant improvement of BiVO4 photoanodes by potentio-
static photopolarization in which the electrolyte is a potassium
borate buffer solution.45 Although the cation effect was not
considered in their study, the presented phenomenon is
contrary to our results shown in Figure 1a. The contrast might

Figure 2. SEM images of (a) BiVO4 and (b) Cs-BiVO4. TEM images of (c) BiVO4 and (d) Cs-BiVO4. (e) Enlarged TEM image and FFT pattern
of (f) the orange rectangle region and (g) the green rectangle region in (e). (h) TEM−EDS line analysis and (i) HAADF images of Cs-BiVO4. (j−
m) The corresponding EDS mapping images of (i).
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be due to the fact that BiVO4 photoanodes prepared by
different methods are different in morphology, facet exposure,
and defects, or due to other factors.45 Moreover, the
photocorrosion of BiVO4 photoanodes during J−t measure-
ments with potassium borate buffer solution is consistent with
many other studies where the method used for preparing
BiVO4 is the same as that used in our study .41,46

Characterization and Formation Mechanism of Cs-BiVO4

To reveal the underlying mechanism of formation of Cs-BiVO,
SEM and transmission electron microscopy (TEM) were
employed to investigate the morphology and structural
changes of Cs-BiVO4. The sharp nano-coral structure of
pristine BiVO4 becomes blurry after PEC activation (Figure
2a,b). A similar morphology is not observed in the SEM
images of K-BiVO4 and immersion-BiVO4 (Figure S9). A clear
amorphous/crystalline heterojunction interface is observed in
the TEM images (Figure 2c,d), and it is absent in the TEM
image of K-BiVO4 (Figure S10). Fast Fourier transform (FFT)
patterns in Figure 2e−g show an amorphous thin layer (∼10
nm) on the BiVO4 crystal surface. The line scanning and
elemental mapping results from high-angle annular dark-field
scanning TEM-energy-dispersive spectroscopy (HAADF-

STEM-EDS) reveal that Bi, V, O, and Cs are homogeneously
distributed throughout the Cs-BiVO4 region (Figure 2h). A
Cs-containing amorphous thin layer is fully covered on the
surface of the BiVO4 nano-coral (Figure 2i−m). The SEM and
TEM images show that an amorphous thin layer containing
Cs+ is formed on the BiVO4 surface after the Cs+-dependent
PEC-activation.

XRD, UV−vis absorption spectroscopy, ultraviolet photo-
electron spectroscopy (UPS), Raman spectroscopy, and X-ray
photoelectron spectroscopy (XPS) were employed to further
reveal the structure of Cs-BiVO4. Both pristine BiVO4 and Cs-
BiVO4 show typical diffraction peaks of monoclinic scheelite
BiVO4 (JSPDS no. 14-0688, Figure S11). Besides some
intensity changes of the peaks corresponding to the (110)
and (011) planes, which are also observed for the other control
samples, there are no crucial XRD changes that indicate any
unique structural changes of Cs-BiVO4 (Figure S11). The
UV−vis absorption spectra of both photoanodes overlap with
an absorbance edge of 520 nm, indicating a typical bandgap of
2.40 eV (Figures 3a and S12). The valence band positions of
pristine BiVO4 and Cs-BiVO4 were estimated to be 2.43 and
2.32 eV, respectively, by UPS measurements (Figure 3b). The

Figure 3. (a) UV−vis diffuse spectra of BiVO4 and Cs-BiVO4 photoanodes. (b) Valence band region for BiVO4 and Cs-BiVO4 photoanodes. (c)
Raman spectra of BiVO4 and Cs-BiVO4. (d) XPS survey spectra. (e) Bi 4f, (f) V 2p, and (g) O 1s XPS spectra for bare BiVO4 and Cs-BiVO4
photoanodes. (h) Bi, V, and Cs elements. (i) O element ratio of the Cs-BiVO4 photoanode at different depths.
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upshift of the valence band (0.1 eV) can be attributed to the
presence of the amorphous thin layer on the surface, as UPS is
a surface-sensitive technique. A proposed band−edge diagram
is shown in the inset of Figure 3b.

In the Raman spectra, typical peaks at 826, 710, 368, and
330 cm−1 are observed for both photoanodes, corresponding
to νs(V−O), νas(V−O), δs(VO4

3−), and δas(VO4
3−) vibrations,

respectively (Figure 3c).47 After PEC activation, the
δas(VO4

3−) peak intensity of Cs-BiVO4 at 330 cm−1 increases,
indicating less symmetric VO4

3− tetrahedra and more
asymmetric chemical environment in the Cs-BiVO4 surface
layer.48 In order to confirm that the observed changes in Cs-
BiVO4 are unique for Cs-BiVO4, the above spectroscopic
studies were also carried out using K-BiVO4 and immersion-
BiVO4 photoanodes, and the full comparisons of the pristine
BiVO4, Cs-BiVO4, K-BiVO4, and immersion-BiVO4 are shown
in Figures S13 and S14.

In the overview of the XPS spectra shown in Figure 3d, in
addition to the core-level peaks of Bi (4p, 4d, 4f, and 5d), V
(2p), and O (1s), very strong core-level peaks of Cs (3d, 4s,
and 4d) are present in Cs-BiVO4, confirming the presence of
Cs in the amorphous thin layer. The Cs 3d spectrum shows
two splitting peaks at 724.6 and 738.5 eV (Figure S15). The +1

oxidation state of Cs can be indicated by the splitting ΔE(3d)
of 13.9 eV. The Bi 4f and V 2p peaks of Cs-BiVO4 both shift
about 0.6 eV toward lower binding energy compared to those
of pristine BiVO4 (Figure 3e,f). In contrast, the Bi 4f and V 2p
peaks of K-BiVO4 and immersion-BiVO4 show a slight shift to
the higher binding energy (Figure S16). Such a significant shift
(0.6 eV) in Cs-BiVO4 cannot be attributed to local O defects
or V vacancies. It is more possible that the amorphous thin
layer is a new substance consisting of Cs+, [BiO8] units, and
[VO4] units.

This speculation is verified by the O 1s spectrum of Cs-
BiVO4 (Figure 3g). Typically, the O 1s spectrum of the
pristine BiVO4 is deconvoluted into three fitting peaks: lattice
oxygen (OL, i.e., μ−O of the Bi−O−V moiety) at 529.5 eV,
hydroxyl groups bonded to the vacancy environment (OV, i.e.,
terminal-OH) at 531.5 eV, and chemisorbed water molecules
(OC, i.e., coordinated H2O) at 532.4 eV. For Cs-BiVO4, both
the OL and OV peaks shift about 0.7 eV toward lower binding
energy. The intensity of the OL peak decreases dramatically,
indicating the decomposition of the BiVO4 structure. More-
over, the OC peak of the Cs-BiVO4 shifts to 531.8 eV, and its
intensity increases remarkably, indicating abundant coordi-
nated H2O in the amorphous thin layer. Therefore, the

Figure 4. Schematic of the photocorrosion of the BiVO4 surface when an anodic potential is applied under illumination (a) in a buffer solution
containing Li+, Na+, or K+, (b) in a buffer solution containing Cs+. (c) Chemical and physical factors of the alkali metal ions. (d) Schematic of water
network structure for water containing different cations.
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amorphous thin layer formed on the BiVO4 surface is a Cs+-
doped bismuth vanadium oxide amorphous thin layer
(denoted as CsBiVO layer), which contains abundant defects
and much more terminal-OH and dangling H2O in its
structure compared to that in pristine BiVO4.

The composition and structure of the CsBiVO layer are
further revealed by XPS depth profiles (Figure 3h,i, Table S2).
As the etching depth increases, the percentage of Bi element
remains unchanged, but the percentage of V element increases
from 6.9 to 17.9%, and the percentages of Cs and O decrease
from 11.1 and 70.5% to 4.6 and 67.4%, respectively. This
indicates that the amorphous thin layer contains a high
percentage of Cs+ and dangling oxygen groups. XPS depth
profiles of K-BiVO4 show only trace amounts of K element,
which can be attributed to the physical adsorption of K+

(Table S3). The composition of the CsBiVO layer varies from
Cs0.63Bi0.65V0.39O4 on the top surface to Cs0.27Bi0.60V1.06O4 at
the inner layers, approaching the theoretical element ratio of
BiVO4. This suggests that Cs+ gradually penetrates the BiVO4
surface during the photocorrosion process. The electrolyte
after PEC activation was analyzed by inductively coupled
plasma optical emission spectrometry (ICP-OES, Figure S17).
The leaching values of both Bi3+ and V5+ when Cs+ cations are
present in the electrolyte are lower than those obtained when
K+ cations are used. Bi3+ and V5+ concentrations in the
electrolyte show no increase in 5 h of photolysis. Interestingly,

the Bi3+ concentration starts to decrease after 3 h of photolysis,
indicating the protective effect of the CsBiVO layer.

Based on the above studies, Cs+-dependent PEC activation
essentially is a process where a CsBiVO layer develops on the
BiVO4 surface via structural reconstruction in the presence of
Cs+. Due to the intrinsically low stability of BiVO4, the
leaching of Bi and V ions has been widely observed under
different conditions, such as basic treatment49 and open-circuit
photocharging.50,51 The typical photocorrosion triggers the
BiVO4 surface reconstruction, and this phenomenon has
attracted more and more attention in this field.52,53 When an
anodic potential is applied under illumination in a buffer
solution containing Na+ and K+, both Bi3+ and V5+ leach from
the surface, leading to surface corrosion and deactivation of
BiVO4 (Figure 4a). However, when Cs+ cations are present in
the electrolyte, Cs+ participates in the surface photocorrosion
reaction to form the CsBiVO layer (Figure 4b). The CsBiVO
layer prevents the inner BiVO4 from further photocorrosion
and significantly improves the PEC water oxidation perform-
ance of BiVO4.
Why Cs-Dependent?

A critical question that needs to be addressed for a complete
understanding of the PEC activation surface reconstruction is
why the formation of the CsBiVO layer is Cs-dependent. A
direct clue is the unique chemical nature of Cs+ (Table S4).

Figure 5. (a) ηtransfer of BiVO4 and Cs-BiVO4 photoanodes. (b) ηseparation of BiVO4 and Cs-BiVO4 photoanodes. (c) UOC of BiVO4 and Cs-BiVO4
photoanodes under dark (solid) and illumination (hollow), and the inset shows the transient photovoltage response within immediate illumination.
(d) Optimized structures of BiVO4, VV-BiVO4, and Cs-BiVO4 and their corresponding PDOS. The values of the width of energy levels from
trapped states to CBM (marked in orange) are also illustrated. Violet, blue, red, and cyan represent Bi, V, O, and Cs, respectively.
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Different cations in the electrolyte solution affect the interfacial
water structure and the local pH in the photoanode−
electrolyte interface layer. Among the nonradioactive alkali
metal cations, Cs+ has the largest ionic radius, lowest
electronegativity, and lowest hydration energy (Figure 4c).
The small Li+ ions with a high charge density can attract H2O
molecules and form a large hydration shell, leading to a more
orderly structure than pure H2O; they are, namely, “structure
maker” ions (Figure 4d). In contrast to Li+, Cs+ is larger with a
lower charge density. It interacts with H2O molecules weakly,
and the H2O molecules adjacent to Cs+ are less structured than
in pure H2O; it is, namely, a “structure breaker” ion (Figure
4d).23 The dissolution of Bi and V ions during PEC
photoactivation causes many vacancies on the BiVO4 surface.
The desolvation of Cs+(H2O)n is thermodynamically favorable,
and the generated Cs+ in the electric double layer can bind
with the O− groups in the vacancy to gradually form the
CsBiVO layer. Although Cs+ with low hydration energy is a
“structure breaker” in the water solution,23 its large cation
radius and suitable electronegativity allow a stable structure in
the multiple O− coordinate environment, leading to the
formation of an amorphous thin layer.

DFT calculations were employed to rationalize this
interpretation. The impurity formation energies of different
alkali metals doped in BiVO4 are shown in Figure S18. The
formation energies of Li+-doped and Na+-doped BiVO4 are
significantly higher than those of K+-doped and Cs+-doped
BiVO4, indicating that large K+ and Cs+ are more energetically
favorable to form an alkali-metal cation-doped amorphous
layer. Because the structure of the CsBiVO layer cannot be
well-defined, it is difficult to perform more accurate
simulations. However, this result qualitatively verifies that the

unique chemical nature of Cs+ is essential for the formation of
the CsBiVO amorphous layer.
Implications on the Cs-BiVO4 PEC Performance

PEC kinetics of the Cs-BiVO4 photoanodes were investigated
to reveal the promotional effect of the CsBiVO layer. Like
most post-treatment-derived BiVO4,

43,44,54 the Jabs (photo-
current density at 100% internal quantum efficiency) of the Cs-
BiVO4 shows no marked changes, consistent with unchanged
band gap determined by the UV−vis spectrum (Figure S12).
Charge separation efficiency in the bulk (ηsep) and charge
transfer efficiency at the semiconductor/electrolyte interface
(ηtrans) were evaluated separately using Na2SO3 as a hole
scavenger (Figure S19). The ηtrans value of the Cs-BiVO4
increases 1.8−2.5 times compared to that of pristine BiVO4
(Figure 5a); however, the enhancement of the ηsep value is less
than 7% on average (Figure 5b). This indicates that the PEC
performance improvement is mainly attributed to the dramatic
acceleration of the interfacial charge injection.

The influence of the CsBiVO layer on carrier lifetime was
studied at different timescales. In the nanosecond transient
absorption spectra, which represent the carrier state in the
bulk, the decay kinetics of the pristine BiVO4 and Cs-BiVO4
are comparable (Figure S20), consistent with the small change
in ηsep. The subsequent hole injection processes were
monitored by electrochemical impedance spectroscopy (EIS)
and open-circuit voltage (UOC). The measured interfacial
charge transfer resistance (Rct) of Cs-BiVO4 is much smaller
than that of pristine BiVO4 (Figure S21), indicating improved
carrier transfer and water oxidation rate at the solid−liquid
interface. The ΔUOC value of Cs-BiVO4 after light-on is 90 mV
higher than that of bare BiVO4 (Figure 5c). The higher

Figure 6. (a) Transient photocurrents measured at 0.8 VRHE for BiVO4 and Cs-BiVO4; the inset shows details of the decay at the moment of
shading. (b) LSV cures of BiVO4 and Cs-BiVO4 in the dark at a scan rate of 10 mV s−1. (c) CV cures of BiVO4 and Cs-BiVO4 starting from −0.05
VRHE in the dark at a scan rate of 100 mV s−1. (d) KIE plots of BiVO4 and Cs-BiVO4 were calculated from the photocurrent density ratio in H2O
and D2O solutions (KIE = JHd2O/JDd2O).

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00100
JACS Au 2023, 3, 1851−1863

1857

https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00100/suppl_file/au3c00100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00100/suppl_file/au3c00100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00100/suppl_file/au3c00100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00100/suppl_file/au3c00100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00100/suppl_file/au3c00100_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00100?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00100?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00100?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00100?fig=fig6&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


photovoltage of Cs-BiVO4 provides a stronger driving force to
inject the photogenerated holes into electrolytes for water
oxidation.

To deeply understand the changes in carrier transfer, the
electronic band structures of BiVO4, BiVO4 with vanadium
vacancy (VV-BiVO4), and the proposed Cs-BiVO4 local
structure were explored by calculating the projected density
of states (PDOS). Figure 5d shows that the valence band
maximum is mainly composed of O atomic orbitals, while the
conduction band minimum (CBM) is composed of V and O
atomic orbitals, consistent with the previous reports.55,56

Compared with pristine BiVO4, a new energy level is present
between the band gap of VV-BiVO4. This new energy level
formed by the hybridization of O, V, and Bi orbitals is
supposed to be an electron−hole recombination center,
leading to low charge transfer efficiency and decreased PEC
performance.57,58 However, with the introduction of Cs dopant
into the V vacancy, the energy width of the energy level to
CBM is reduced from 0.973 to 0.822 eV. The mediate energy
level of Cs-BiVO4 closer to the conduction band may serve as
electron donor states, which increases the extraction of holes
from the BiVO4 bulk to the CsBiVO layer.59

Surface water oxidation is the final step in determining ηtrans.
One way to assess the rate of surface water oxidation is to
measure the spike of the transient photocurrent, which is
caused by the discrepancy between fast carrier generation and
slow surface water oxidation. When the light is turned on, the
photocurrent spike in Cs-BiVO4 is distinctly smaller than that
in pristine BiVO4 (Figure 6a). During the light-off period, the
accumulated charges of the pristine BiVO4 counted based on
the integration of the damped-current curve was 0.013 mC;
however, no charge accumulation is observed for Cs-BiVO4
(inset in Figure 6a). The transient photocurrent behavior
indicates that Cs-BiVO4 distinctly increases the surface water
oxidation rate.

The acceleration of the surface water oxidation was
confirmed by electrochemical water oxidation in the dark.
Linear sweep voltammetry (LSV) curves for water oxidation
show the superior water-oxidation performance of the CsBiVO
layer, with an approximately 100 mV cathodic shift of the onset
potential and an approximately twofold increase in the catalytic
current density (Figure 6b). The outstanding water oxidation
activity of the CsBiVO layer is due to its highly disordered

structure (more Bi3+ active sites, OV, and coordinated H2O).
The Bi3+ active sites can be identified by the unique Bi3+/Bi+
redox peak at 0.15 VRHE in the cyclic voltammetry (CV) curves
of Cs-BiVO4 (Figure 6c). In the CV scans from 2.15 to −0.05
VRHE, a sharp water-oxidation catalytic peak and a Bi3+/Bi+
redox peak are detected; however, both vanish from the second
and subsequent scans from 2.15 to −0.05 VRHE (Figure S22a).
The photocurrent density of the reduced Cs-BiVO4 that
underwent a low potential scan decreased significantly (Figure
S22b). In contrast, the high catalytic peak remains steady
during the CV sweeps from 0.45 to 2.15 VRHE (Figure S23).
The increase in the electrochemically active surface area
(ECSA) caused by morphological changes may contribute to
water oxidation catalysis, but the effect is minor because the
ECSA of the Cs-BiVO4 photoanode, after losing its high
catalytic performance, remains unchanged (Figure S24).

In addition to the increase of Bi3+ active sites, the fast surface
water oxidation of the Cs-BiVO4 is also owing to the existence
of Cs+ in the CsBiVO layer.28,30−36 The “structure breaker”
Cs+ with unique electronegativity and ionic radius changes the
interfacial H2O net structure, generating more isolated reactive
H2O and OH− and assisting proton-coupled electron transfer
(PCET). At the same time, the low Lewis acidity of Cs+ also
influences the reactivity of the high-valent bismuth-oxo
intermediate to facilitate O−O bond formation. These effects
can be demonstrated by deuterium kinetic isotope experi-
ments. Kinetic isotope effects (KIE) of Cs-BiVO4 and BiVO4
were determined by the J−V curves of Cs-BiVO4 and pristine
BiVO4 in H2O and D2O (Figure S25). The KIE values for Cs-
BiVO4 and BiVO4 are 1.06 and 1.80 at 0.8 VRHE, respectively
(Figure 6d). The obvious decrease in KIE indicates that the
catalytic mechanism of the water oxidation of Cs-BiVO4 has
changed, and proton transfer is no longer involved in the rate-
determining step.

Based on the above PEC kinetics and dark electrochemical
studies, a complete mechanism is proposed in Figure 7 for the
PEC performance promotion. The CsBiVO amorphous thin
layer has two functions: (i) improving carrier transfer by
efficient hole extraction and storage and (ii) acting as an
efficient water-oxidation catalyst layer with abundant Bi3+

active sites and Cs+ effects. Cs+ is essential in forming the
CsBiVO layer, and it also similarly accelerates water oxidation
as Ca2+ in the Mn4CaO5 OEC, i.e., providing reactive H2O,

Figure 7. Illustration of the proposed mechanism for the PEC performance promotion of Cs-BiVO4 due to the CsBiVO amorphous thin layer.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00100
JACS Au 2023, 3, 1851−1863

1858

https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00100/suppl_file/au3c00100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00100/suppl_file/au3c00100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00100/suppl_file/au3c00100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00100/suppl_file/au3c00100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00100/suppl_file/au3c00100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00100/suppl_file/au3c00100_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00100?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00100?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00100?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00100?fig=fig7&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


adjusting the reactivity of high-valent Mn-oxo, and promoting
PCET.60,61

Benchmark PEC Water Splitting with Modification of
FeOOH Cocatalyst

The Cs-BiVO4 photoanode loaded with cocatalysts also
showed obvious advantages over the pristine BiVO4 photo-
anode treated with the same procedure. On modifying the Cs-
BiVO4 photoanode with the FeOOH cocatalyst layer,62 the
photocurrent for water oxidation reached 5.1 mA cm−2 at 1.23
VRHE (Figure 8a). In contrast, the FeOOH-deposited pristine
BiVO4 showed a photocurrent of 4.5 mA cm−2. Accordingly,
the maximum IPCE value of FeOOH-Cs-BiVO4 is determined
high to ∼70% at a wavelength of about 400 nm (Figure 8b).
Moreover, the FeOOH-Cs-BiVO4 photoanode exhibits very
good stability. A steady photocurrent over 3.0 mA cm−2 at 0.8
VRHE lasted for 30 h without an obvious decrease (Figure 8c).
The PEC performance comparisons of FeOOH-Cs-BiVO4
with reported benchmark BiVO4 photoanodes are listed in
Table S5.

In summary, we report, for the first time, the Cs+-dependent
surface reconstruction and passivation of BiVO4 photoanodes,
which dramatically enhanced PEC water oxidation. Benchmark
PEC water splitting is achieved for both cocatalyst-free (3.3
mA cm−2 at 1.23 VRHE) and cocatalyst-modified Cs-BiVO4 (5.1
mA cm−2 at 1.23 VRHE). The functional CsBiVO layer formed
via Cs+-dependent surface reconstruction of BiVO4 is the
underlying mechanism for the PEC activation, and the

“structure breaker” nature of Cs+ is the fundamental factor
for this phenomenon. We believe that this work reveals a new
strategy to improve the catalytic activity and stability of water
oxidation photoanodes. Moreover, results obtained from this
work extend the understanding of the Cs+ chemistry and the
effects of redox-inert cations in electrochemical and PEC
reactions.

■ METHODS

Materials
The materials included bismuth nitrate pentahydrate [Bi(NO3)3·
5H2O, 99%], p-benzoquinone (98%), potassium iodide (KI, 99%),
vanadyl acetylacetonate [VO(acac)2, 98%], cesium hydroxide
monohydrate (CsOH, 99%), boric acid (H3BO3, 99.8%), lithium
hydroxide monohydrate (LiOH, 99%), sodium hydroxide (NaOH,
99%), potassium hydroxide (KOH, 99%), sodium sulfite (Na2SO3,
98%), nitric acid solution (HNO3, 70%), ethanol absolute (EtOH,
99.7%), dimethyl sulfoxide (DMSO, 99.7%), and deuterium oxide
(D2O, 99.9%D). Ultra-pure water (18.2 MΩ·cm−1) supplied by a
Milli-Q system (Merck Millipore) was used in all experiments.
Fluorine-doped tin oxide (FTO)-coated glass substrates were
purchased from Pilkington (∼14 Ω·cm−2) and were successively
cleaned in Milli-Q water, ethanol, and acetone by an ultrasonic bath.
Preparation of BiVO4 Photoanodes
The nano-porous BiVO4 photoanodes were prepared according to a
reported method with some modifications.63 In brief, 0.04 M
Bi(NO3)3 was dissolved into 50 mL of pH 1.7 HNO3 aqueous
solution and sonicated for several minutes. Then, 0.4 M KI was added

Figure 8. (a) J−V curves of pristine BiVO4, Cs-BiVO4, FeOOH-BiVO4, and FeOOH-Cs-BiVO4 photoanodes. (b) IPCEs of BiVO4, Cs-BiVO4,
FeOOH-BiVO4, and FeOOH-Cs-BiVO4 photoanodes at 0.8 VRHE. (c) J−t curves of FeOOH-Cs-BiVO4 photoanodes measured at 0.8 VRHE.
Measurements of (a) and (b) were performed in 1.0 M potassium borate buffer (pH 9.5) under AM 1.5 G simulated sunlight (100 mW cm−2) at a
scan rate of 10 mV s−1. Measurement of (c) was performed in 1.0 M cesium borate buffer (pH 9.5).
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to this solution with a further 5 min sonification. Afterward, 20 mL of
ethanol containing 0.23 M p-benzoquinone was mixed with the above
solution with vigorous stirring. The electrodeposition of the BiOI
precursor was carried out at −0.1 V vs Ag/AgCl for 3 min at room
temperature, using a typical three-electrode cell: an FTO working
electrode (WE), a saturated Ag/AgCl reference electrode (RE), and a
platinum wire counter electrode (CE). The BiOI electrodes were
washed thoroughly with Milli-Q water and dried at room temperature.
To convert BiOI to BiVO4, about 25 μL of DMSO solution
containing 0.4 M VO(acac)2 was dropped onto the BiOI electrode (1
cm × 1 cm) surface and then annealed at 450 °C for 2 h in a muffle
furnace (KSL-1100X-S, Kejing). Finally, residual V2O5 on the BiVO4
electrodes was removed by soaking them in 1 M NaOH solution for
20 min. The resulting bare BiVO4 electrodes were washed thoroughly
with Milli-Q water and dried at room temperature.

Preparation of SILAR-BiVO4 Photoanodes
The SILAR-BiVO4 photoanodes were prepared according to a
reported method with some modifications.42 First, a piece of FTO
was vertically immersed in a 5 mM Bi (NO3)3 solution for 10 s and
then immersed in a 5 mM KI solution for 10 s; this process was
repeated 20 times to obtain the BiOI electrodes. Next, to convert
BiOI to BiVO4, about 25 μL of DMSO solution containing 0.4 M
VO(acac)2 was dropped onto the BiOI electrode surface and then
annealed at 500 °C for 2 h in a muffle furnace (KSL-1100X-S,
Kejing). Finally, residual V2O5 on the BiVO4 surface was removed by
soaking them in 1 M NaOH solution for 20 min. The resulting BiVO4
electrodes were washed with Milli-Q water and dried at room
temperature.

Preparation of Cs-BiVO4 Photoanodes
Cs+ ion modification of the BiVO4 photoanode was performed by
simple photo-polarization in a 1.0 M cesium borate buffer solution
(pH 9.5) with 0.8 VRHE bias. Then, the treated BiVO4 electrode was
removed from the electrolyte and rinsed with Milli-Q water. (The 1.0
M cesium borate buffer, prepared by adjusting the pH of 1.0 M
H3BO3 solution to 9.5 with CsOH, was used as the electrolyte.) Li-
BiVO4, Na-BiVO4, and K-BiVO4 were treated with a similar method
in 1.0 M lithium borate, sodium borate, and potassium borate,
respectively.

Preparation of FeOOH-Cs-BiVO4 and FeOOH-BiVO4
Photoanodes
FeOOH was deposited from an aqueous 0.1 M FeSO4 solution via a
PEC-assisted deposition,62 under 1 sun AM 1.5 G irradiation, at a
constant potential of 0.25 V vs Ag/AgCl for 17 min (equivalent to
passing a total charge of ∼45 mC cm−2). Before the photo-deposition
of FeOOH, the solution was purged with nitrogen gas for 30 min.

Physical Characterization
The crystalline structure was identified by XRD (D8 Advance,
Bruker) using Cu Kα radiation at 40 kV and 40 mA. SEM and TEM
were performed using Regulus 8230, Hitachi and Talos L120C G2,
Thermo Fisher Scientific. UV−visible diffuse reflectance spectra were
recorded on a UV-2700 (Shimadzu) spectrometer by using BaSO4 as
the reference. Raman spectra were collected using a Raman
spectrometer (Alpha300RAS, WITec). The time-resolved transient
absorption (TA) spectra were recorded on an LP980 spectrometer
(Edinburgh Instruments Ltd., model LP980), combined with a
compact Q-switched Nd: YAG laser (Continuum). The element
content was determined by inductively coupled plasma mass
spectroscopy (iCAP RQ, Thermo Fisher Scientific).

The elemental composition was determined by XPS (ESCALAB
250xi, Thermo Fisher Scientific). To minimize the effects of charging
at the films, the charge compensation gun was used for charge
neutralization. The binding energies were calibrated with respect to
the residual C 1s peak at 284.8 eV. For depth profiling, Ar+ ion with 1
keV energy was used to etch a 3.25 mm × 3.25 mm area of the sample
at an angle of 40° to the surface normal. At the beginning of the
profile, XPS measurements were performed after every 10 s of
sputtering, while the profiling of the bulk was performed with a longer

sputtering cycle. The change in the element content can be noticed
from the change of peak area at different sputtering times. All the
samples were carefully rinsed with ultrapure water (18.2 MΩ) and
were kept in a sealed sample box to avoid surface contamination.

Electrochemical and PEC Characterization
All PEC measurements were performed in a standard three-electrode
system with an electrochemical analyzer (CHI660E). The BiVO4
photoanodes, a saturated Ag/AgCl (0.197 V vs NHE), and a Pt wire
mesh were configured as WE, RE, and CE, respectively. The light
source was a 100 W Xenon arc lamp with an AM 1.5G filter (100 mW
cm−2, PLS-FX300HU, perfect light) to gain simulated AM 1.5G solar
illumination. All BiVO4 photoanodes were illuminated from the back
side, and the illuminated areas were 1 cm2. 1 M KBi with or without
0.2 M sodium sulfite (Na2SO3) as a hole scavenger was used as the
electrolyte. Linear scan voltammetry (LSV) with a scan rate of 10 mV
s−1 was used for the photocurrent measurements by scanning the
potential from −0.6 to 0.6 V vs Ag/AgCl. The measured potential was
converted into a potential with respect to a reversible hydrogen
electrode (RHE) according to the Nernst equation (ERHE = EAg/AgCl +
0.197 + 0.059 × pH).

For EIS measurements, a sinusoidal voltage pulse of 10 mV
amplitude was applied on a bias voltage of 0.8 VRHE with frequencies
ranging from 100 kHz to 0.01 Hz. The ABPEs of BiVO4 photoanodes
were calculated from the J−V curves according to the equation: ABPE
(%) = (Jlight − Jdark) × (1.23 − VRHE)/Plight × 100%. Incident light-
electron conversion efficiency (IPCE) was measured at 0.8 VRHE in 1
M KBi using zanher, Zennium pro. The photostability test is carried
out in 0.8 VRHE in 1 M KBi (pH 9.5) solution under AM 1.5 G solar
illumination. The Faradaic efficiency was calculated according to the
equation: FE (%) = O2(actual)/O2(theoretical) × 100%. Charge
separation efficiency in the bulk (ηsep) and charge transfer efficiency at
the semiconductor/electrolyte interface (ηtrans) of BiVO4 and Cs-
BiVO4 photoanodes were calculated using the following equation

= J J/transfer water sulfite

= J J/sep Na SO abs2 3

Computational Details
All the spin-polarized calculations based on DFT in the work were
carried out using the Vienna Ab initio Simulation program
(VASP).64,65 The core−electron interactions were described by the
projector-augmented wave (PAW) method,65,66 while the plane-wave
basis expansion cutoff energy was set to be 450 eV. The exchange and
correlation functional was calculated by the generalized gradient
approximation (GGA) with Perdew−Burke−Ernzerhof (PBE).67 The
strong-correlated corrections were considered by the GGA + U
method with a U−J value of 2.7 eV for V 3d states.55,68,69 Equilibrium
was reached when the forces on the relaxed atoms and the energies in
the self-consistent iterations became less than 0.05 eV/Å and 10−5 eV,
respectively. The van der Waals (vdW) interaction was described by
the DFT-D3 method.70,71 The monoclinic BiVO4 structure with
calculated lattice parameters of a = 5.063 Å, b = 5.285 Å, c = 11.943 Å,
and the 2.41 eV band gap are consistent with the literature.72−74 A
vacuum height of 15 Å was used to eliminate the interaction between
neighboring slabs. For the model construction, a p(1 × 1) BiVO4
(110) surface with four layers was modeled, with the top two layers
fully relaxed and the bottom two layers kept fixed to mimic the bulk
region. The doped structure was built by replacing one V atom in the
top layer by Li, Na, K, Rb, or Cs. The Monkhorst−Pack mesh k-point
was set to (4 × 2 × 1) for all the systems. The impurity formation
energy (Eformation) was calculated by the formula as follows

= [ ] [ ] [ ] +E E E EBiV M O BiVO Mx xformation tot 1 4 tot 4 V

where Etot[BiV1−xMxO4] (M = Li, Na, K, Rb, Cs) and Etot[BiVO4] are
the total energy of the doped BiV1−xMxO4 and the pristine BiVO4,
respectively. E[M] and μV are the energy per atom in bulk metal and
the chemical potential of V, respectively.
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