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Highlights

• A BiVO4 photoanode with exposed (040) facets was prepared by an improved chemical bath deposition method, where

NaCl was used to induce the exposure of (040) facets

• The photoelectrochemical performance of as-synthesized BiVO4 photoanode with exposed (040) facets was strongly

enhanced compared to that photoanode without exposure of (040) facets

Abstract ABiVO4photoanodewith exposed (040) facetswas

prepared to enhance its photoelectrochemical performance.

The exposure of the (040) crystal planes of the BiVO4 filmwas

induced by adding NaCl to the precursor solution. The as-

prepared BiVO4 photoanode exhibits higher solar-light

absorption and charge-separation efficiency compared to those

of an anode prepared without adding NaCl. To our knowledge,

thephotocurrentdensity (1.26 mA cm-2 at 1.23 Vvs.RHE)of

as-prepared BiVO4 photoanode is the highest according to the

reports for bare BiVO4 films under simulated AM1.5G solar

light, and the incident photon-to-current conversion efficiency

is above 35% at 400 nm. The photoelectrochemical (PEC)

water-splitting performance was also dramatically improved

with a hydrogen evolution rate of 9.11 lmol cm-2 h-1, which

is five times compared with the BiVO4 photoanode prepared

without NaCl (1.82 lmol cm-2 h-1). Intensity-modulated

photocurrent spectroscopy and transient photocurrent mea-

surements show a higher charge-carrier-transfer rate for this

photoanode. These results demonstrate a promising approach

for the development of high-performance BiVO4 photoanodes

which can be used for efficient PEC water splitting and

degradation of organic pollutants.

Keywords BiVO4 photoanode � Photoelectrochemical �
Water splitting � Organic pollutant degradation
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1 Introduction

Overuse of fossil fuels has resulted in serious environ-

mental problems, and global energy shortages have become

an increasingly urgent issue. Consequently, clean and

renewable energy sources such as solar energy have

become an attractive way to address this energy crisis.

Photoelectrochemical (PEC) water splitting and organic

pollutant degradation driven by visible light have attracted

worldwide attention as promising applications of solar

energy [1–4]. However, a key technical problem faced in

PEC application is the development of suitable photoelec-

trodes, which play an important role in the PEC conversion

of solar energy to chemical energy. Among the various

photoelectrodes studied for PEC applications, monoclinic

bismuth vanadate (BiVO4) is considered to be a promising

material owing to its moderate band gap (*2.4 eV) and

appropriate band-edge positions, which allow it to absorb

as much as 11% of the solar spectrum [5–7]. However, the

photocatalytic activity of bare BiVO4 is still not ideal for

practical applications because of its excessive charge

recombination, poor charge transport, and slow oxidation

kinetics. To address these issues, several strategies have

been developed to improve the photoelectrochemical

activity of BiVO4, such as doping with foreign elements

(e.g., Mo and W) [8–10], reduction to create oxygen

vacancies [11–13], and coupling with co-catalysts (e.g.,

FeOOH and Co–Pi) [14–16] or other semiconductors to

form stable heterojunction photoanodes [17–22].

Recently, it has been reported that the crystal plane

structure of a semiconductor material can influence its

photocatalytic and PEC activities. For example, powdered

BiVO4 with exposed (040) facets shows enhanced photo-

catalytic activity [23, 24], and TiO2 photoanodes with

highly energetic exposed (001) facets [25] and WO3 pho-

toanodes with highly reactive exposed (002) facets [26]

exhibit enhanced PEC activity in water splitting and

organic pollutant degradation. Thus, it is easy to conclude

that BiVO4 photoanodes with exposed active facets will

show enhanced PEC properties. However, there are few

reports on BiVO4 photoanodes with exposed (040) facets,

and the preparation of such BiVO4 photoanodes remains a

challenge. Generally, (040) facets are located on the lateral

side and are difficult to expose because the adjacent facets

grow together easily to form a compact morphology.

NaCl, one of the most common salts, has been used to

regulate the growth of TiO2, SnO2, and CH3NH3PbI3
crystals [27–29]. The presence of chlorine ions in a solu-

tion can change its ionic strength and the coordinating

ability of species therein, and chlorine ions can be easily

adsorbed onto specific crystal facets, regulating the crystal

growth. Therefore, we supposed that chlorine ions would

adsorb on the (040) plane of BiVO4 and form a diffuse

barrier to crystal growth, thereby leading to the exposure of

more (040) facets. Furthermore, the chlorine ions may

reduce the formation of BiVO4 by changing the composi-

tion or coordinating structure of the growing unit; conse-

quently, the crystallization process becomes slower and

easier to control.

The hydrothermal method is generally applied to pre-

pare BiVO4 films with exposed (040) facets [30]. However,

this method requires an autoclave to generate the super-

critically high pressures required and is not suitable for

large-scale production. Alternatively, the chemical bath

deposition (CBD) method is cheap and easy to scale-up for

industrial production. Furthermore, the CBD method has

been used to prepare microcrystalline BiVO4 films on

fluorine-doped tin oxide (FTO) substrates by Luo [31].

In the present study, a BiVO4 photoanode with exposed

(040) facets is prepared, using NaCl to induce the exposure

of the (040) facets. The results show that the BiVO4 pho-

toanode prepared by the improved CBD method has one of

the highest current densities reported for unmodified

BiVO4 films.

2 Experimental

2.1 Preparation of BiVO4 Photoanode

The synthetic procedure for the BiVO4 photoanode was

modified from that reported by Luo et al. [31]. For depo-

sition of the BiVO4 seed layer on the FTO substrate,

5 mmol Bi(NO3)3�5H2O and 5 mmol NH4VO3 were dis-

solved in 15 mL of 23.3 wt% HNO3 aqueous solution,

followed by the addition of 7.5 mL (5 g/100 mL) poly-

vinyl alcohol and 5 mmol citric acid. The solution was

dropped and spin-coated onto a clean FTO substrate fol-

lowed by heat treatment at 450 �C for 4 h. As a typical

procedure to prepare BiVO4, 5.025 g ethylenediaminete-

traacetic acid disodium was dissolved in 54 mL buffered

aqueous solution ([Na2HPO4] = [NaH2PO4] = 0.1 -

mol L-1), and then, 3.272 g Bi(NO3)3�5H2O was added to

the solution, which was stirred at room temperature.

Separately, 1.646 g NaVO3 was added to 27 mL buffered

aqueous solution and sonicated at room temperature. Then,

the two solutions were mixed and stirred at room temper-

ature until a clear solution formed. A certain amount of

sodium chloride was then dissolved in the solution. The pH

of the solution was adjusted to 7 by addition of 3 M NaOH

solution. The FTO substrate bearing the prefabricated

BiVO4 seed layer was immersed in the reaction solution

with the seed layer facing down and allowed to react at

80 �C for 6 h followed by heat treatment at 450 �C for 3 h.
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2.2 Material Characterization

The morphologies and microstructures of the samples were

studied by field-emission scanning electron microscopy

(FE-SEM, Nova NanoSEM NPE218) and transmission

electron microscopy (TEM, JEM-2100F, JEOL, Japan).

X-ray diffractometry (XRD, AXS-8 Advance, Bruker,

Germany) was used to determine the crystal phases of the

prepared samples. The UV–visible absorption spectra of

the samples were recorded on a UV–Vis spectrophotometer

(TU-1901, Beijing Purkinje General Instrument Co.).

2.3 PEC Measurements

The PEC tests were performed using an electrochemical

workstation (CHI 660c, CH Instruments Inc., USA). A

300-W xenon lamp (Beijing Perfectlight Technology Co.,

Ltd.) was used as a simulated-solar-light source, and all

experiments were carried out under AM1.5 (light density

100 mW cm-2) solar-light illumination from the FTO side.

Linear sweep voltammetry (LSV) analysis of the photo-

electrodes was performed with a 0.1 M KH2PO4 (pH 7)

electrolyte using a three-electrode system with platinum

foil as the counter-electrode, a Ag/AgCl reference elec-

trode, and the prepared photoelectrode as the working

electrode. Incident photon-to-charge conversion efficiency

(IPCE) was measured using a monochromator (Zolix,

China), a 500-W xenon arc lamp, calibrated silicon pho-

todetector, and a power meter. Intensity-modulated pho-

tocurrent spectroscopy (IMPS) was carried out using an

electrochemical workstation (Zennium, effect-Elektrik,

Germany) equipped with a controlled intensity-modulated

spectrophotometry set-up (CIMPS, PP211) in a three-

electrode configuration with the prepared film as the

working electrode, a platinum foil as the counter-electrode,

and a Ag/AgCl reference electrode with a 0.1 M KH2PO4

electrolyte at 1.23 V versus RHE. Modulated light in the

frequency range 0.1–10 kHz was applied. The transient

photocurrent was assessed using an electrochemical

workstation (Zennium; effect-Elektrik, Germany) with the

same three-electrode system as that used for the PEC

measurements. The PEC degradation of methylene blue

was conducted at pH 7 under vigorous stirring, AM1.5

irradiation, an electric bias of 0.6 V (vs. Ag/AgCl), and a

0.1 mol L-1 Na2SO4 supporting electrolyte. Hydrogen

evolution was measured in a quartz device (LabSolar-

IIIAG, Perfect Light, China), which included a gas-col-

lection system and a reactor. This device was connected to

a gas chromatographer (GC; GC-2010plus, Shimadzu,

Japan). At certain time intervals during the test, a certain

amount of gas in the gas-collection system was sent to the

GC system to determine the amount of H2 produced. Mott–

Schottky plots were obtained in the dark with an applied

frequency of 1 kHz. Electrochemical impedance spec-

troscopy (EIS) was performed at 1.23 V versus RHE over a

frequency range of 1 Hz–10 kHz under simulated-sunlight

conditions.

3 Results and Discussion

3.1 Characterization of BiVO4 Films

Figure 1 shows the SEM images of the surface of BiVO4

photoanodes deposited at 80 �C for 6 h in precursor solu-

tions with and without the addition of NaCl. When no NaCl

is added, a compact nanocrystalline BiVO4 film is formed.

Addition of NaCl markedly changes the morphology of the

film (Fig. 1b) and decreases its thickness from 2.53 lm to

250 nm. This is because the occurrence of Cl- inhibits the

formation of BiVO4 by changing the composition of the

growing unit (as has also been reported by Moon [29]) and

Cl- readily adsorbs on certain crystal planes, thus sup-

pressing the growth of BiVO4 in those directions. As

shown in Fig. 1d, when insufficient NaCl is added, crystal

grain refinement starts to show and the lateral facet begins

to be exposed, but when excess NaCl is added (Fig. 1f), the

ordering of the grain is randomized and, more importantly,

the growth of the grain on the substrate is slower, meaning

that a film of effective thickness cannot be formed in a

reasonable time. Therefore, the amount of NaCl must be

accurately controlled. Figure S1a–d shows an energy dis-

persive spectroscopy (EDS) layered image and element

maps for Bi, V, and O, revealing that no Cl is present on

the BiVO4 surface. Figure 1c shows a TEM image with the

corresponding selected area electron diffraction (SAED)

pattern of BiVO4. The clear SAED pattern (indexed as the

[010] zone) indicates that the BiVO4 is very crystalline.

The SAED analyses suggest that the BiVO4 film prefer-

entially grows along the (040) facets. These findings are

confirmed by the XRD results discussed later.

The UV–Vis absorption spectra of BiVO4 photoanodes

deposited at 80 �C for 6 h are shown in Fig. 2. They

clearly indicate that the addition of NaCl to the precursor

solution increases the absorption intensities of the BiVO4

films. The estimated Eg values of the BiVO4 films prepared

with and without NaCl in the precursor solution are 2.40

and 2.36 eV, respectively, as shown in Fig. 2b, and these

are similar values to those reported by other authors

[31–33]. The band-gap energy of a semiconductor material

depends upon many physical and physicochemical

parameters, such as size or dimensions, crystallinity,

amount of vacancies, defects, and doping [34, 35]. There-

fore, materials prepared by different methods may present

different band gaps.
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Figure 3 shows XRD patterns of BiVO4 films prepared

with and without the addition of NaCl to the precursor

solution. It can be seen that the BiVO4 films have a single

monoclinic scheelite structure. For the film prepared with

NaCl, the diffraction peak at 30.8� corresponding to the

(040) plane is almost absent, indicating that the [040]

direction is parallel to the FTO substrate. Conversely, the

film prepared without NaCl exhibits a sharp diffraction

peak at 30.8� (Fig. 3a). According to the SEM images, the

addition of NaCl results in an increase of the (040) plane,

which improves PEC activity owing to the existence of

built-in electric fields between different facets [36]. The

X-ray photoelectron spectra of the BiVO4 film prepared

with NaCl are shown in Fig. 4 and indicates the presence of

Bi, V, and O. Again, no Cl is detected, similarly to the

spectra of the BiVO4 film prepared without NaCl (Fig. S2).

3.2 Photoelectrochemical Properties of BiVO4 Films

The I–V curves for water oxidation over the BiVO4 films

deposited at 80 �C for 6 h are shown in Fig. 5. The BiVO4

film prepared with NaCl achieves a photocurrent of

1.26 mA cm-2 at 0.6 V versus Ag/AgCl, which is one of

the highest photocurrent densities reported to date for bare

BiVO4 photoanodes (see Table S1 for a comparison with

similar BiVO4 photoanodes), while the BiVO4 film pre-

pared without NaCl exhibits a photocurrent of only

0.88 mA cm-2. It can be seen from Fig. 5b that with

increasing NaCl content, the photocurrent densities of the

photoanodes first increase and then decrease. The exposure

and order degrees of the (040) facets affect the PEC

activities of the BiVO4 photoanodes. In order to investigate

the reasons for the increase in photocurrent, the PEC

properties of the photoanodes were assessed in the presence

of 0.1 M sodium sulfite, which serves as a hole scavenger.

Typical I–V curves for sulfite oxidation over the BiVO4

films are shown in Fig. 6.

The photocurrent of water splitting (JH2O
photocurrent ) can be

calculated according to Eq. 1,

JH2O
photocurrent ¼ Jabsorbed � Pcharge separation � Pcharge injection ð1Þ

where Pcharge separation is the charge-separation yield of the

photogenerated carriers, Pcharge injection is the charge-in-

jection yield to the electrolyte, and Jabsorbed is the rate of

Fig. 1 SEM images of the surface of BiVO4 photoanodes deposited at 80 �C for 6 h in the precursor solution with the addition of a no NaCl, b, e
5.85 g NaCl, d 2.93 g NaCl and f 11.7 g NaCl. c TEM image of the BiVO4 film prepared by adding 5.85 g NaCl in the precursor solution, the

inset is the SAED pattern. The insets in a and b are the corresponding cross-sectional SEM images of BiVO4 photoanodes
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photon absorption expressed as current density. The pho-

tocurrent obtained for sulfite oxidation is a product of

Jabsorbed and Pcharge separation alone, assuming the charge-

injection yield is 100% (Pcharge injection = 1) in the presence

of a hole scavenger (Na2SO3) in the electrolyte. Therefore,

Pcharge separation can be obtained by dividing JNa2SO3

photocurrent by

Jabsorbed (Fig. 6, inset). The results show that BiVO4 films

prepared with and without NaCl achieve Pcharge separation

values of 0.82 and 0.60 at 0.6 V versus Ag/AgCl, respec-

tively. The significant improvement upon addition of NaCl

can be ascribed to the exposure of (040) facets, which

causes charge-transfer anisotropy due to the existence of

built-in electric fields between different facets of BiVO4

[36].

The charge-injection efficiency of photoelectrodes can

be calculated according to Eq. 2 using the data in Figs. 5

and 6.

Pcharge injection ¼ JH2O
photocurrent=J

Na2SO3

photocurrent ð2Þ

Figure S3 shows that the charge-injection efficiencies

for BiVO4 films prepared with and without NaCl at 0.6 V

versus Ag/AgCl are 0.367 and 0.349, respectively. In

general, the charge-injection efficiencies are almost the

same for the two BiVO4 films, and thus, the main reason

for the difference in the photocurrent is the imparity of

their separation efficiencies. And it is easy to understand

because no co-catalyst was modified on the surface; thus,

the majority of the surface-reaching holes were lost to

surface recombination because of the poor catalytic nature

of the BiVO4 surface for water oxidation.

The IPCE values of the prepared samples at 1.23 V

versus RHE can be obtained using Eq. 3 [37, 38],

IPCE %ð Þ ¼ 1240 � Ið Þ= k � Jlight
� �

ð3Þ

where I is the photocurrent density measured under

monochromatic light, k is the incident light wavelength,

and Jlight is the measured irradiance. The IPCE values at

400 nm for BiVO4 photoanodes prepared with and without
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NaCl are approximately 35% and 14.6%, respectively

(Fig. 7). Based on IPCE (%) = charge-separation effi-

ciency (Psep) 9 charge-transport efficiency (Ptrans) 9 in-

terfacial charge-transfer efficiency (Pinter) at the interfacial

solid–liquid junction, the IPCE characteristics are consis-

tent with the fact that the addition of NaCl leads to higher

solar-light absorption and charge-separation efficiency,

considering that Pinter is regarded for use of a co-catalyst.

Mott–Schottky analysis was performed in the dark using

a 0.1 M KH2PO4 electrolyte (Fig. S4). As expected for an

n-type semiconductor, both samples show positive slopes,

and the flat-band potentials of the BiVO4 photoanodes

prepared with and without NaCl are -0.036 and 0.177 V

versus RHE, respectively. Equation 4 was used to calculate

the carrier density of each sample.

Nd ¼ 2=eee0ð Þ d 1=C2
� �

=dV
� ��1 ð4Þ

where e is the electron charge, e is the relative dielectric

constant of BiVO4, e0 is the permittivity of a vacuum

(8.85 9 10-12 F m-1), and V is the applied bias at the

electrode. As shown in Fig. S4, the BiVO4 film prepared

with NaCl shows a decreased slope, which indicates the

rapid increase in Nd. According to the equation, the cal-

culated carrier densities of BiVO4 films prepared with and

without NaCl are 5.93 9 1019 and 2.34 9 1019 cm-3,

respectively.
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EIS was performed at 1.23 V versus RHE under simu-

lated-sunlight irradiation. As shown in Fig. S5, the BiVO4

photoanode with exposed (040) facets exhibits a smaller

impedance arc diameter than that of the BiVO4 film pre-

pared without NaCl, indicating that charge transfer across

the electrode/electrolyte interface is more favorable for the

BiVO4 photoanode with exposed (040) facets. The higher

charge-transfer ability at the interface diminishes charge

recombination and induces the transport of electrons

through the films, and this is supported by the higher carrier

density of the BiVO4 photoanode with exposed (040) facets

as revealed by M–S analysis, shown in Fig. S4.

The PEC water-splitting performances of the BiVO4

photoanodes were assessed in 0.1 M KH2PO4 electrolyte

(pH 7) at 0.6 V versus Ag/AgCl under AM1.5 illumination.

As shown in Fig. 8a, during the 150-min test, the H2

evolution rates over BiVO4 photoanodes prepared with and

without NaCl are 22.77 and 4.55 lmol cm-2, respectively,

which demonstrates that the exposure of (040) facets dra-

matically improves water-splitting activity. The faradaic

efficiencies (g) of the BiVO4 photoanodes were calculated

according to Eq. 5:

g ¼ aFn=QJ � 100% ð5Þ

where a = 2 (H2) or 4 (O2), F = 96,485 C mol-1, n is the

yield of H2 or O2, and QJ is the amount of electricity

through the external circuit. As shown in Fig. S6, the far-

adaic efficiency for O2 is 24% for the BiVO4 photoanode

with (040) facets exposed and 2.5% for the BiVO4 pho-

toanode prepared without NaCl. In contrast, the faradaic

efficiencies for H2 for the two BiVO4 photoanodes are

essentially the same ([ 96%), indicating that the Pt cath-

ode represents a stable and efficient electrode for the

hydrogen evolution reaction (HER).

The long-term stability of the BiVO4 photoanodes dur-

ing water oxidation was also assessed (shown in Fig. S7).

Compared with the BiVO4 photoanode prepared without

NaCl, the photoanode with exposed (040) facets shows

greatly enhanced stability. The photocurrent density of the

BiVO4 photoanode with exposed (040) facets only

decreases by 14% over 2 h, while that of the BiVO4 film

prepared without NaCl almost reaches zero after 2 h. As

can be seen from Fig. S8, the morphology of the BiVO4

photoanode with exposed (040) facets is almost unchanged,

while obvious corrosion occurs on the surface of the BiVO4

photoanode prepared without NaCl. This result confirms

the enhanced stability when more (040) facets are exposed.

The PEC activities of the BiVO4 films were also

investigated experimentally by organic compound degra-

dation [39]. The PEC (at a bias potential of 0.6 V) degra-

dation of methylene blue (MB) in neutral aqueous solution

was performed under the given conditions. As shown in

Fig. 8b, the BiVO4 photoanode prepared without NaCl

effected only 57% removal over 105 min, while the BiVO4

photoanode prepared with NaCl effected 82% removal

over 105 min. The rate constant for PEC degradation with

the BiVO4 photoanode prepared using NaCl (0.958 h-1) is

twice that for the BiVO4 photoanode prepared without

NaCl (0.478 h-1), which can be ascribed to the exposure of

the (040) facets.

3.3 IMPS and Transient Photocurrent

Measurements

IMPS is considered to be a powerful method for obtaining

information about the photogenerated-carrier-transport

properties and carrier recombination of a semiconductor. In

this case, the average transit time required by photogen-

erated electrons to reach the back contact was used as an

index for the recombination probability of photogenerated
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electrons and holes. The transit time sd can be calculated

according to the formula sd = (2pfmin)
-1, where fmin is the

characteristic frequency at which the minimum value

occurs in the IMPS plot [40].

As shown in Fig. 9a, the fmin values for BiVO4 films

prepared with and without NaCl are 1010.2 and 638.01 Hz,

respectively. Thus, we obtain sd values of 0.157 and

0.250 ms, respectively. sd for the BiVO4 film prepared

without NaCl is almost two times that of the BiVO4 film

prepared with NaCl, demonstrating that the photogenerated

charges more easily reach the back contact in the BiVO4

film prepared by adding NaCl to the precursor solution.

To investigate how the exposure of (040) facets

improves the PEC performances of BiVO4 photoanodes,

transient photocurrent (TP) measurement was also per-

formed to study the dynamics of the photoinduced charge

carriers formed in the BiVO4 photoanodes [41–43]

(Fig. 9b). The relaxation of the TP signals can be charac-

terized in terms of two time constants (s1 and s2) with

corresponding probabilities (u1 and u2, see SI for detailed

information), which reveal the lifetimes of the trapped

holes. The average decay times (s) are 15.88 and 7.15 ms

at 1.23 VRHE for the BiVO4 photoanodes prepared with and

without NaCl, respectively, which indicates that the

exposure of (040) facets suppresses charge recombination

at the interfacial solid–liquid junction.

4 Conclusion

A facile method for the preparation of highly efficient

BiVO4 photoanodes with exposed (040) facets is demon-

strated in this study. By adding NaCl to the precursor

solution, more (040) crystal planes of the BiVO4 pho-

toanode are exposed, leading to higher light adsorption and

charge-separation efficiency. Thus, one of the highest

photocurrent densities reported for such unmodified pho-

toanodes has been achieved. The BiVO4 photoanode pre-

pared by adding NaCl demonstrated a photocurrent density

of 1.26 mA cm-2 at 1.23 V versus RHE in a 0.1 M KH2-

PO4 (pH 7) electrolyte under simulated AM1.5G solar light

and an IPCE above 35% at 400 nm. The BiVO4
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photoanode also demonstrated excellent PEC degradation

efficiency, water-splitting performance, and stability. This

study provides a promising strategy for the preparation of

highly efficient BiVO4 photoanodes for PEC applications.
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