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Co-doping of metal ions in semiconductor photocatalysts is a promising strategy to promote photo-

catalytic activity due to its expected synergistic effects. In this study, we demonstrated the first synthesis

of uniform Fe and Mo co-doped BiVO4 (Fe/Mo-BVO) porous nanoshuttles (PNSs) through a simple solvo-

thermal method combined with a subsequent impregnation thermal treatment. It has been discovered

that the incorporation of Fe and Mo into the BVO lattice not only influences the shuttle-like morphology

and porous structure but also modifies the band structure of the pristine BVO; this consequently boosts

the photocatalytic performance of BVO. The as-prepared Fe/Mo-BVO PNSs exhibit significantly enhanced

photoactivity for water oxidation under visible-light irradiation, and an average O2 evolution rate of up to

191.5 μmol h−1 g−1 is obtained, which is nearly 1.5 and 17 times higher than the rates obtained for Mo-

doped BVO and pristine BVO, respectively. Density functional theory (DFT) calculations were also

employed to further investigate the electronic structure of the co-doped products.

1. Introduction

The over exploitation and utilization of fossil fuels have raised
energy deterioration and environmental problems; therefore, it
is imperative to develop green and sustainable energy
sources.1,2 Hydrogen energy has attracted significant attention
as an ideal candidate for substitution of fossil fuels because of
high energy density of hydrogen and carbon-free emissions.3,4

Photocatalytic water splitting (PWS) has been regarded as a
promising and efficient strategy to produce hydrogen, which
converts solar energy into hydrogen fuels. However, it is still a
great challenge to advance the present hydrogen production
efficiency in PWS for industrial development. Primarily, the
hydrogen generation half-reaction in the PWS process is
largely dependent on the sluggish water oxidation reaction, in
which a complicated four-electron transfer process with slow
kinetics is involved and massive external energy is required to

remove four protons and form a relatively weak oxygen–oxygen
bond.5,6 Therefore, numerous efforts are indispensable to con-
summate water oxidation reaction, in particular for exploring
efficient and robust water oxidation photocatalysts, but remain
challenging.7–9

To data, some noble- or rare metal-based compounds, such
as La-,10,11 Nb-,12 Ce-,13 and Ta-based photocatalysts,14,15 have
exhibited efficient photoactivity for photocatalytic water oxi-
dation, but the high-cost of the metals employed in them and
their rareness in nature would radically confine their practical
applications. Recent investigations have been focused on the
development of some transition metal-based water oxidation
catalysts, such as AgPO4, WO3, Bi2WO6, and Fe2O3,

16–19 owing
to the inexpensive, highly active, and stable features of these
catalysts. As one of the important bismuth-based oxides,
bismuth vanadate (BiVO4, BVO) has attracted extensive atten-
tion in photocatalytic and photoelectrochemical water oxi-
dation as a visible-light-driven photocatalyst, whose hybrid
orbitals (Bi 6s and O 2p) favor strong oxidizability and mobility
of photo-induced holes in the valence band (VB).20–23

However, it has been observed that BVO catalysts usually
exhibit relatively poor photocatalytic efficiencies due to low
mobility of charge carriers and rapid recombination of photo-
induced electron–hole pairs.24–27

Till now, many efforts, including surface optimization,
impurity doping, construction of heterostructures, morphology
modulation, and so on, have been made to solve these
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obstacles.28–34 Among these, metal-ion doping has been
proven to be a simple and effective approach to improve the
photocatalytic efficiency as it can extend light absorption and
greatly enhance the separation and transfer efficiency of
charge carriers in most cases.35–37 For example, Liu et al.
reported that doping of Bi4Ti3O12 with Fe could extend the
photoresponse of Bi4Ti3O12 to the visible region, and the Fe
dopants would serve as efficient scavengers for electron trap-
ping, promoting the separation of photo-induced electron–
hole pairs.38 Wu et al. found that the photocatalytic activity of
BVO for toluene degradation under visible-light irradiation
was evidently improved by Fe doping and further pointed out
that the incorporation of Fe occurred at the Bi sites in the BVO
lattice.39 Schuhmann et al. experimentally found that the inci-
dent-photon-to-current efficiency of BVO for oxygen evolution
was substantially elevated by Mo doping.40 The Mo-doped BVO
showed a higher electron-transfer efficiency and conductivity
than pristine BVO. Considering that BVO possesses two
doping sites (Bi and V) for metal-ion substitution, Hernández
et al. have successfully fabricated W- and Mo co-doped BVO
powders with a monoclinic scheelite-like structure and prefer-
ential growth along the (040) facet; these powders demon-
strated a prominent enhancement of the water oxidation rate
under simulated sunlight.41 However, modification of BVO by
binary doping of metal ions is still an infrequent and novel
process for enhancing the photocatalytic water oxidation
performance.

Motivated by the attractive metal-ion doping effects in
photocatalysts, we have developed a facile solvothermal
method combined with subsequent impregnation thermal
treatment strategy to prepare shuttle-like porous Fe, Mo co-
doped BVO (Fe/Mo-BVO) nanostructures with uniform size dis-
tribution. The incorporation of Fe and Mo into the BVO lattice
is confirmed by X-ray diffraction (XRD) and X-ray photo-
electron spectroscopy (XPS), and the doping level is systemati-
cally studied by UV-visible diffuse reflection spectroscopy
(UV-vis DRS) and Mott-Schottky plots. Density functional
theory (DFT) calculations were also carried out to investigate
the electronic structure of the doped samples. It has been
found that the morphology of the products as well as the band
structure can be modulated simultaneously by doping Fe and
Mo into BVO. The Fe/Mo-BVO porous nanoshuttles (PNSs)
exhibit a significantly improved O2 evolution rate under
visible-light irradiation. This study is expected to open up
opportunities for the exploration of multi-metal co-doping in
semiconductors as practical photocatalysts for scale-up water
photocatalysis.

2. Experimental

All reagents were of analytical grade, purchased from the
Shanghai Chemical Reagent Factory, and used as received
without further purification. The synthesis procedure for the
Fe/Mo-BVO PNSs via a facile solvothermal method combined

with subsequent impregnation thermal treatment strategy in
two-step process is schematically illustrated in Scheme 1.

2.1 Synthesis of Mo-BVO NSs

In a typical procedure, 0.75 mmol Bi(NO3)3·5H2O was dis-
solved in 20 ml of ethylene glycol (EG) via ultrasonication for
15 min, followed by dropwise addition of 10 ml of NaVO3

aqueous solution (37.5 mM) to form a clear solution. Then,
10 ml of Na2MoO4·2H2O aqueous solution (37.5 mM) was
added to the abovementioned clear mixture, and a yolk-yellow
solution was obtained after 2 hours stirring at room tempera-
ture. The resulting mixture was sealed in a 50 ml PTFE-lined
stainless steel autoclave and then heated at 160 °C for 8 h. The
final Mo-doped BVO prasinous products were obtained via cen-
trifugation, washed three times with anhydrous ethanol and
distilled water, and finally dried at 60 °C for 8 h. For compari-
son, a pristine BVO sample was also synthesized via the above-
mentioned procedure, expect the usage of Na2MoO4·2H2O in
reaction.

2.2 Synthesis of Fe/Mo-BVO PNSs

In a typical synthesis procedure, 30 mg of the as-obtained Mo-
BVO NSs was first dispersed in 50 ml distilled water in a
100 ml beaker by ultrasonication; then, 0.5 mg of Fe
(NO3)3·5H2O was added to the prasinous mixture, and stirring
was continued for 6 h. The product was obtained by centrifu-
gation and then dried at 80 °C in an oven for several hours.
Finally, the as-obtained product was heated to 400 °C at a
heating rate of 2.5 °C min−1 in air and maintained at this
temperature for 2 h to obtain the Fe/Mo-BVO PNSs. For com-
parison, the Fe-BVO sample was also prepared using the pris-
tine BVO and Fe(NO3)3·5H2O as reactants via the same pro-
cedure, and the other conditions were kept unchanged.

2.3 Characterization

XRD was used to analyze the crystallinity and phase properties
of the samples, and the measurements were conducted via a
Philips PW3040/60 X-ray diffractometer using Cu Kα1 radiation
at a scan rate of 0.06° s−1. Scanning electron microscopy (SEM)
characterization was performed by a Hitachi S-4800 scanning
electron micro-analyzer at an accelerating voltage of 15 kV, and
the transmission electron microscopy (TEM) measurements
were conducted using a JEM-2100 field emission TEM. The

Scheme 1 Schematic of the formation of Fe/Mo-BVO PNSs.
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composition analyses of the products were further carried out
by the XPS, performed using an ESCALab MKII X-ray photo-
electron spectrometer with Mg Kα X-rays as the excitation
source. N2 absorption/desorption isotherms were obtained at
77 K using a Micromeritics ASAP 2020 surface area and poro-
sity analyzer after the sample was degassed in a vacuum at
150 °C for 2 h. UV-vis DRS spectra of the as-prepared samples
were obtained in the range of 200–800 nm in the absorption
mode of a Thermo Nicolet Evolution 500 UV-vis spectrophoto-
meter equipped with an integrating sphere attachment.
The Mott-Schottky measurements and electrochemical impe-
dance spectroscopy (EIS) measurements were performed via a
Zennium electrochemical work station (ZAHNER, Germany)
using a standard three-electrode system with the photocatalyst-
coated glassy carbon electrode as the working electrode, plati-
num wire as the counter electrode, and a Ag/AgCl as the refer-
ence electrode. In addition, a 50 ml Na2SO4 (0.5 M) solution
and a 50 ml K3[Fe(CN)6] (5 mM) and KCl (1 M) mixed aqueous
solution were used as the electrolyte for the two measure-
ments, respectively. The photoelectrochemical response tests
were similar to the Mott-Schotty measurements under visible-
light illumination except that photocatalyst-coated ITO glass
was used as the working electrode. The working electrodes
were prepared by dropping 10 µL of photocatalyst suspension
(3 mg photocatalyst powder was added to 6 µL Nafion and
500 µL H2O mixed solution) onto a surface with a coated area
of 1 × 1 cm2 and finally drying at 50 °C in an oven.

First-principles calculations were performed using the
Vienna Ab initio Simulation Package (VASP)42 with the projector
augmented-wave (PAW) method.43 A generalized gradient
approximation (GGA)44 with the Perdew–Burke–Ernzerhof
(PBE) was employed to describe the exchange and correlation
effects. For pure BVO, a 24-atom conventional cell was con-
structed. In the case of Mo-BVO, the 2 × 2 × 1 supercells con-
taining 96 atoms were built by substituting two V atoms with
two Mo atoms. The structural model of Fe/Mo-BVO is similar
to that of Mo-BVO, expect for further replacement of one Bi
atom with one Fe atom in the Mo-BVO model (Fig. S1, see
ESI†). A conventional cell of pure BVO was relaxed using 500
eV as the energy cut-off for the plane-wave expansion and 7 ×
7 × 7 as the size of the k-point meshes. The models of Mo and
Fe/Mo-BVO were relaxed using the plane-wave energy cut-off of
450 eV and the k-point mesh of 2 × 3 × 3. All calculated struc-
tures were allowed to relax until the force on the atoms was
smaller than 0.05 eV Å−1 and the energy was lower than 10−5

eV per atom.

2.4 Photocatalytic O2 evolution experiments

The photocatalytic O2 evolution measurements were per-
formed at room temperature under visible-light irradiation
using a Labsolar-III AG system, with a Pyrex reaction vessel
connected to an online gas chromatograph (Agilent
Technologies GC-7890B, TCD, Ar carrier). Herein, 50 mg of the
catalyst was dispersed in a 100 ml aqueous solution containing
0.1 M NaOH and 0.02 M Na2S2O8 as the sacrificial agents. The
obtained suspension was sealed in a glass vessel and deaer-

ated by evacuation. After degassing, the vessel was exposed to
a 300 W Xe lamp (MicroSolar300, Perfect Light) with an optical
cut-on filter (λ > 420 nm), and the reaction temperature was
maintained at 25 °C by a precision bath circulator. The dis-
tance between the Xe lamp and the reactor solution is about
8 cm. Then, 5.0 wt% co-catalyst Co3O4 nanoparticles were
loaded on the surface of the as-prepared photocatalysts via a
impregnation method, and the quantities of O2 produced were
analyzed using an on-line gas chromatograph with a thermal
conductivity detector.

3. Results and discussion

XRD was employed to investigate the phase structure of the as-
prepared samples. As seen in Fig. 1a, the XRD pattern of the
pristine BVO is in good agreement with the monoclinic phase
of BiVO4 (JCPDS card no. 14-0688, a = 5.195 Å, b = 11.701 Å, c =
5.092 Å). The XRD patterns of the Fe-, Mo-, and co-doped
samples exhibit no significant changes in the characteristic
peaks of the pristine BVO phase; this indicates that the Fe or
Mo doping neither affects the crystal structure of BVO nor
introduces any impurities. As Mo6+ (0.41 Å) and V5+ (0.36 Å)
possess very similar ionic radii, no shift in the angles is
expected in the diffraction patterns of Mo-BVO NSs.45

However, as depicted in Fig. 1b, the (1̄21) peak of Mo-BVO NSs
shifts to a smaller angle with the introduction of Fe; this can
be ascribed to the expansion of the BVO lattice. The lattice
expansion due to Fe doping can result from the thermal treat-
ment of Mo-BVO NSs.46 Moreover, Arakawa’s group studied the
local position of Bi3+ ions in the Bi2O2 layers by electron para-
magnetic resonance (EPR) measurements and superposition-
model analyses,47 and they observed that instead of occupying
an interstitial lattice position in WO3, Fe

3+ prefers to substitute
Bi3+ rather than W6+ sites. This is because the smaller ionic
radius (0.64 Å) of Fe3+ as compared to 0.96 Å of Bi3+ weakens
the coupling of Fe3+ to the apex oxygen; this results in a devi-
ation of Fe towards the oxygen plane of the Bi2O2 layers. It is
worth noting that the peaks at 35.2° and 37.8° are merged into

Fig. 1 (a) XRD patterns of pristine BVO, Fe-BVO, Mo-BVO NSs, and Fe/
Mo-BVO PNSs, and (b) (1̄21) diffraction peak positions in the range of
2–30°.
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a single peak when Fe is introduced into the crystal of Mo-BVO
NSs; this may be attributed to the influence of Fe dopants.48

The chemical states of the as-prepared Fe/Mo-BVO PNSs
were characterized by XPS measurements. The survey spectrum
in Fig. 2a reveals the existence of Bi, Fe, Mo, V, and O elements
in the final Fe/Mo-BVO product. The high-resolution spectra of
Bi 4f of the Fe/Mo-BVO and pristine BVO samples (Fig. 2b)
exhibit two symmetric peaks located at 164 eV and 158.7 eV,
which can be attributed to the spin–orbit splitting states of the
Bi 4f5/2 and Bi 4f7/2 signals, respectively. Similarly, in the V 2p
region (Fig. 2c), two split peaks at around 524.1 eV (V 2p1/2)
and 516.3 eV (V 2p3/2) are observed. However, compared with
those of the pristine BVO, the binding energies of Bi 4f and V
2p in Fe/Mo-BVO PNSs shift 0.3 eV and 0.2 eV towards higher
energy, respectively; this indicates the successful doping of Fe
and Mo ions into the BVO host matrix. Furthermore, as shown
in Fig. 2d, the high-resolution XPS spectrum of O 1s can be
fitted into two peaks, and the sharp peak at 529.4 eV is attribu-
ted to the lattice oxygen (Olatt), whereas the peak at around 531
eV is ascribed to adsorbed oxygen (Oads) species. The peak
position of Olatt in Fe/Mo-BVO PNSs is shifted positively by 0.4
eV in comparison with that of pure BVO. This energy shift can
be related to the alteration in the chemical coordination
environment of Bi and V surroundings; this demonstrates the
successful incorporation of Fe and Mo into the Bi2O2 and VO4

layers, respectively. As shown in the high-resolution XPS spec-
trum of the Mo 3d region in Fig. 2e, the Mo 3d3/2 and Mo 3d5/2
peaks are located at 235.2 eV and 232.1 eV, respectively, indi-
cating that Mo cations are mainly Mo6+ at the V sites in the
lattice of Fe/Mo-BVO PNSs.49 The XPS spectrum of Fe 2p
(Fig. 2f) reveals four dominant peaks: Fe 2p3/2 at 711.5 eV, Fe
2p1/2 at 724 eV, and two satellite peaks at 718.6 eV and 728.9
eV. The Fe 2p3/2 peak can be further fitted into two peaks at
710.5 eV and 712.2 eV, which can be assigned to Fe2+ and Fe3+

ions, respectively, revealing that the Fe dopants in Bi2O2 layers

have two oxidation states. This result is in accordance with
that of a previously reported Fe-doped BVO photocatalyst.48

The morphology and structure properties of the as-prepared
samples were examined by SEM measurements, and it was
found that the doping of Fe or Mo had a great effect on the
morphology and size of the final products. As shown in
Fig. 3a, the pristine BVO samples are composed of rugby-ball-

Fig. 2 XPS spectra of the as-prepared Fe/Mo-BVO PNSs and pure BVO: (a) survey spectrum, (b) Bi 4f, (c) V 2p, (d) O 1s, (e) Mo 3d, and (f ) Fe 2p.

Fig. 3 SEM images of (a and b) pristine BVO, (c and d) Mo-BVO NSs,
(e and f) Fe/Mo-BVO PNSs.
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like structures, which are about 1.5 µm in diameter and 4 µm
in length. The high-magnification SEM image, as shown in
Fig. 3b, reveals an uneven surface of the BVO microscopic
structures. As shown in Fig. S2a and b (see ESI†), the surface
of the Fe-BVO samples becomes rougher after the introduction
of Fe, whereas the length and diameter exhibit no apparent
change. As revealed by the SEM images shown in Fig. 3c and
d, the morphology of Mo-BVO NSs is quite different from
those of the BVO and Fe-BVO samples, which is shuttle-like
and uniform in size. The uniform shuttle-like structure is
about 250 nm in diameter and 600 nm in length, obviously
smaller than that of the BVO sample. The SEM images of the
Fe/Mo-BVO PNSs are shown in the Fig. 3e and f, which exhibit
the same size and shape as those of the Mo-BVO NSs, except
the obviously porous structures. This result suggests that the
introduction of Fe results in the porous morphology of the Fe/
Mo-BVO PNS structures. The structural details of the Fe/Mo-
BVO PNSs were further examined by TEM measurements. As
shown in Fig. 4a, the shuttle-like units consist of numerous
nanoparticles, which make up the porous structure (labeled
with yellow circles), and this structural feature is in agreement
with the SEM characterization. The HRTEM image in Fig. 4b
shows a clear lattice spacing of 0.31 nm, corresponding to the
(1̄21) planes of pure BVO. Fig. 4c depicts the STEM of a single
Fe/Mo-BVO PNS structure, and the corresponding element
mapping results are shown in Fig. 4d–g, where uniform distri-
butions of Fe, Mo, Bi, and V elements are observed throughout
the whole structure; this indicates uniform doping of the Fe
and Mo into the BVO nanoparticles. The energy-dispersive
X-ray spectrometry (EDS) spectrum of the surface layer of the
as-prepared Fe/Mo-BVO PNSs is displayed in Fig. S3 (see ESI†),
which confirms the existence of Fe and Mo elements in the

final product. According to the corresponding EDS result
(inset in Fig. S3†), the atom percentage of Fe and Mo element
is about 1.06% and 6.34%, respectively.

The specific surface area of the Fe/Mo-BVO PNSs and pris-
tine BVO samples was investigated by the Brunauer–Emmett–
Teller (BET) method. Fig. 5 shows the BET surface area of Fe/
Mo-BVO PNSs (56.86 m2 g−1), which is immensely higher than
that of pristine BVO (1.79 m2 g−1), and this result can be
explained by the mesoporous structure and the smaller nano-
structure of the Fe/Mo-BVO PNSs due to Fe and Mo doping.
The corresponding pore size distribution curves obtained by
the BJH method are shown in the inset of Fig. 5. The pores
between 25 and 70 nm are attributed to the voids distributed
on the surface of the Fe/Mo-BVO PNSs, which are expected to
provide more available mass diffusion pathways to improve the
photocatalytic activity. The UV-vis DRS spectra of pristine BVO,
Fe-BVO, Mo-BVO NSs, and Fe/Mo-BVO PNSs are shown in
Fig. 6a. Compared with pure BVO, the Mo-BVO sample exhibits
a stronger response in the range of 200–470 nm, whereas the
Fe-BVO product strongly responses in the 520–800 nm region.
This can be attributed to the influence of Fe-doping on the
absorption properties of pure BVO.39,42 Moreover, the Fe/Mo-
BVO PNSs display broad absorption over 200–430 nm and
500–800 nm; this indicates that the co-doping of Fe and Mo
greatly enlarges the optical response range. The optical band
gap of these products can be estimated by the Tauc equation:

αhν ¼ Aðhν� EgÞn=2

where α, hν, A, and Eg are the absorption coefficient, photon
energy, proportionality constant, and the band gap energy,
respectively, and n = 1 for a direct band gap material.50 The

Fig. 4 (a) TEM image and (b) HRTEM image of the as-prepared Fe/Mo-BVO PNSs. (c) STEM image and (d) Fe, (e) Mo, (f ) W, and (g) V elemental
mapping images of a single Fe/Mo-BVO PNS.
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plots of (αhν)2 versus energy hν are shown in Fig. 6b. The Eg
values of pure BVO, Fe-BVO, Mo-BVO NSs, and Fe/Mo-BVO
PNSs are determined to be 2.14 eV, 1.93 eV, 2.13 eV, and 1.87
eV, respectively, revealing the strong influence of Fe doping on
the band structure and optical properties of the Fe/Mo-BVO
PNSs.

To better understand the band structures of the doped
samples, Mott-Schottky analysis was carried out. As shown in
Fig. 7, all samples show a quasi-linear behavior, indicating the
characteristics of n-type semiconductors.51 Speculating that
the difference between the Vfb and the conduction band (CB)
minimum is negligible for n-type semiconductors, the deter-
mined Vfb can be approximated as the CB edge (Ecb ≈ Vfb).

52

Hence, the CB potentials of pure BVO, Fe-BVO, Mo-BVO NSs,
and Fe/Mo-BVO PNSs are located at −0.67, −0.54, −0.63, and
−0.38 V versus SCE at pH = 6.8, corresponding to the potentials
of −0.43, −0.30, −0.39, and −0.14 V versus NHE, respectively.
The relative VBs and CB values of all the samples obtained
according to the Mott-Schottky plots are listed in Table S1 (see
ESI†). Compared with the pure and mono-doped samples, the
CB potential of Fe/Mo-BVO PNSs shows a slight downshift,
which is due to co-doping of the Fe and Mo. Furthermore,
since the lower slope of a Mott-Schottky plot implies a higher
carrier concentration,53 the carrier concentration has signifi-

cantly increased after the introduction of Fe and Mo. This is
due to the substitution of V5+ with Mo6+, which acts as an elec-
tron donor in the BVO lattice, increases the carrier concen-
tration, and consequently reduces the resistance.

Periodic DFT calculations were performed to investigate the
doping effects on the electronic band structure of the pristine
BVO. The structural model for Fe/Mo-BVO PNSs was developed
by introducing one Fe atom, substituting Bi, and two Mo
atoms at the V atom sites (Fig. 8). The band structures of pure
and Mo-doped BVO are presented in Fig. S4 (see ESI†). Pure
BVO is an indirect band gap semiconductor, and its calculated
band gap is about 2.08 eV, which is smaller than the experi-
mental value of 2.14 eV; this slight underestimation of the
band gap is due to limitations of DFT. Although the absolute
values can be underestimated, the relative values of the band
gap calculated using the same calculation protocols can be
used to compare the metal doping effect. The band gap of Mo-
BVO is 2.12 eV, similar to the value 2.08 eV of pure BVO,
whereas that of Fe/Mo-BVO (1.80 eV) is smaller (Fig. 8a) due to
the co-doping of Fe and Mo. This result is well consistent with
the band-gap change measured by Tauc plots. We also investi-
gated the total density of states (TDOS) and the corresponding
partial density of states (PDOS) of the three samples. For pure
BVO (Fig. S5, see ESI†), the DOS result shows that the VB and

Fig. 5 N2 adsorption–desorption isotherms and pore size distribution of (a) pure BVO and (b) Fe/Mo-BVO PNSs.

Fig. 6 (a) UV-vis DRS and (b) Tauc plots of the as-prepared different samples.
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CB features are consistent with those reported in the litera-
ture.54 As shown in Fig. S6 (see ESI†), the Mo 4d states of Mo-
BVO are mainly distributed at the bottom of the VB and CB,
and the Fermi level of the Mo-BVO is enhanced significantly;
this is because Mo atom has more valence electrons than V
atom and the substitution provides excessive electrons to the
host lattice of BVO.55 In the case of Fe/Mo-BVO, as shown in
Fig. 8b, an obviously increased DOS at the VB edge can be
observed, which can be attributed to the 3d atomic orbital of
the Fe dopants.48 This result indicates that Fe doping greatly
contributes to reduce the band gap of Mo-BVO, enabling a
wider optical response to solar irradiation.

The charge separation and transfer efficiency of the photo-
generated carriers in the photocatalysts can be elucidated by
photocurrent measurements, and it is generally accepted that
the higher photocurrent indicates a higher separation
efficiency of the electrons and holes.56,57 The measured curves
of the photocurrent as a function of time of all samples are
presented in Fig. 9a. The Mo-doped product exhibits much
higher photocurrent intensity than the pristine BVO and Fe-
BVO samples; this reveals that the Mo doping plays a key role
in enhancing the charge separation and transfer efficiency.
Electrochemical impedance spectroscopy (EIS) was carried out
to further study the migration and transfer processes of photo-

Fig. 7 Mott–Schottky plots of (a) BVO, (b) Fe-BVO (c) Mo-BVO NSs, and (d) Fe/Mo-BVO PNSs.

Fig. 8 (a) The band structures of Fe/Mo-BVO, (b) total DOS, and the corresponding PDOSs of O 2p, V 3p, Bi 6s, Bi 6p, Mo 4d, and Fe 3d states of Fe/
Mo-BVO.
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induced carriers, especially at the semiconductor/electrolyte
interface.58 The smaller arc radius signifies a higher charge
transfer efficiency. As shown in Fig. 9b, the arc radii of the as-
prepared Fe-BVO and BVO samples are found to be much
larger than those of Fe/Mo-BVO PNSs and Mo-BVO NSs; this
indicates that the Fe/Mo-BVO PNSs are more capable of separ-
ating and transferring the photo-induced carriers.

The photocatalytic activities of all the samples were further
investigated by investigating time-dependent O2 generation
under visible-light irradiation (λ > 420 nm). Fig. 10a shows the
photocatalytic O2 evolution and standard deviations, where the
Fe/Mo-BVO PNSs and Mo-BVO NSs exhibit much better and
stable photocatalytic performance than the pure BVO and Fe-
BVO samples. The corresponding evolution rates of O2 are also
presented in Fig. 10b. Although only negligible amount of O2

is observed with the pristine BVO, the O2 evolution rates of the
as-prepared Fe-BVO and Mo-BVO NSs are up to 27 μmol h−1 g−1

and 125.1 μmol h−1 g−1, respectively. The Fe/Mo-BVO
PSNSs demonstrate an optimal photocatalytic efficiency of
191.5 μmol h−1 g−1, which is nearly 1.5 and 17 times that of
the Mo-doped BVO and the pristine BVO products, respect-
ively, indicating the enhanced carriers transfer efficiency

induced by the synergetic effect due to Fe and Mo co-doping.
Compared with previously reported photocatalysts, the Fe/Mo-
BVO PNSs in this study display a competitive photocatalytic
capacity for water oxidation reaction (Table S2, see ESI†). In
addition, the Fe/Mo-BVO PNSs are expected to provide more
reaction sites for oxidation of water molecules owing to a
higher specific surface area. Moreover, the good stability is ver-
ified by the typical SEM images of the Fe/Mo-BVO PNSs after
the photocatalytic test under visible-light irradiation (Fig. S7,
see ESI†), and the morphology and structure of the Fe/Mo-BVO
PNSs remain unchanged as compared to those of the initial
samples. Based on the abovementioned results, the schematic
of photocatalytic water oxidation reaction of the as-obtained
Fe/Mo-BVO PNSs is illustrated in Scheme S1 (see ESI†). The
substitution of Fe and Mo dopants into the BVO forms a con-
tinuous doping level below the conduction band. During the
photocatalytic reaction, the light excites the Fe/Mo-BVO PNSs
to produce photogenerated carriers. The electrons in the VB
(1.73 V vs. NHE) of Fe/Mo-BVO PNSs can be excited to high-
energy states in the CB (−0.14 V vs. NHE) and afterwards react
with the sacrificial agent of Na2S2O8, whereas the holes left in
the VB can be further transferred to the Co3O4 nanoparticles

Fig. 9 (a) Photocurrent responses and (b) EIS of the as-prepared different samples under visible-light illumination.

Fig. 10 (a) Repeat photocatalytic oxygen evolution and standard deviations, and (b) oxygen evolution rates from water splitting over different
samples under visible-light irradiation.
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for water oxidation reaction at the surface; this leads to a
better charge separation.

4. Conclusions

In summary, we have demonstrated a facile solvothermal
method combining a subsequent impregnation thermal treat-
ment to synthesize Fe and Mo co-doped porous BVO nano-
structures with a uniform shuttle-like morphology. Both the
experimental and theoretical results reveal that the Fe and Mo
co-doping significantly modulates the band structure of the
BVO as well as the porous morphology; this leads to enhanced
photocatalytic activity. As expected, the resultant Fe/Mo-BVO
PNSs exhibit an improved O2 evolution rate up to 191.5
µmol g−1 h−1, 17 times higher than that of pure BVO without
metal doping under visible-light irradiation (λ > 420 nm). Our
synthetic strategy can be extended to the preparation of other
transition metal co-doped catalysts for various applications.
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