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We report on the synthesis of highly porous, 1-D tungsten-doped
BiVO4 nanoﬁbers (W:BiVO4 NFs). To facilitate photocatalysis, we
introduced nickel nanoparticles (NiOx NPs) as co-catalysts on the
surface of W:BiVO4 NFs. The outstanding water oxidation performance of the NiOx NP-functionalized W:BiVO4 NFs was obtained
through (i) the control of polymers/precursors to achieve porous
W:BiVO4 NFs (for highly increased surface area), (ii) the control of
the tungsten-doping level (for fast charge transfer), and (iii) the
optimization of the loading amounts of NiOx NPs (for eﬃcient
charge pathway suppression of charge recombination).

Harnessing solar energy has recently attracted much attention
due to the increased importance of environmental and energy
issues.1 In particular, the photolysis of water using photocatalysts, so called artificial photosynthesis, has been receiving
great attention in terms of the direct and eﬃcient solar energy
conversion system to produce O2 and H2 as chemical fuels.2
The eﬀectiveness of water splitting using photocatalysts is
determined by the utilization of visible light of the solar spectrum, capacity of the harvested light to generate charge carriers, and the extent of charge separation and transfer.3 Thus,
the selection of semiconducting photocatalyst materials with
an appropriate band position, bandgap energy, and long-lived
stability is critical for the viable water splitting system.4
Bismuth vanadate (BiVO4) is one of most promising photocatalysts because of its small band gap energy of 2.4–2.6 eV in
the monoclinic-scheelite phase, the suﬃcient valence band
position for water oxidation, and superior chemical stability.5
For these reasons, BiVO4 has been widely studied as anode
materials for photoelectrochemical cells6 and as suspended
photocatalysts for water oxidation or a dye degradation system7
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under visible light irradiation. However, BiVO4 has formidable
challenges such as the low charge mobility and the fast charge
recombination of an electron–hole pair (EHP), which provide
low energy conversion eﬃciency.8 To overcome its inherent
charge separation and suppress the charge recombination of
EHPs, doping is widely used to increase the charge lifetime
without band gap alteration.9 Metal doping such as Mo and W
substituting for V sites in BiVO4 can improve water oxidation
eﬃciency by increasing the major carrier density.10 In
addition, heterogeneous catalysts or co-catalysts were introduced to improve the photocatalytic activities of BiVO4.4 Thus
far, noble metals including Pt, Pd, Ag, and Au have been
widely used as electron sinks for eﬃcient charge separation.11
Transition metal complexes or oxides (e.g., Ni–Bi, Co–Pi, CoO,
Co3O4, FeOOH and TiO2) have been extensively explored as cocatalysts to facilitate the reaction of water oxidation.6b,10b,12
Nickel or nickel oxides (NiOx, 0 < x < 1) have also been known
as great water oxidation catalysts since the early stage of water
splitting studies. NiOx have been applied to photocatalysts
such as Ta2O5, SrTiO3, and BaLa4Ti4O15 as co-catalysts for
improving the water oxidation reaction.13 It raises a motivation
that we can integrate metal doped BiVO4 and NiOx for the
synergistic eﬀect on photocatalytic reaction.
As widely known, low dimensional materials have various
advantages in diﬀerent technologies due to their mechanical,
optical, and electrical properties and the increased specific
surface area compared with those of the bulk materials.14
Many research eﬀorts have been made to develop low dimensional or nano-sized BiVO4 as photocatalysts.15 In particular,
one dimensional (1-D) nanomaterials, such as nanowires or
nanofibers, were employed in BiVO4 for photocatalysis due to
their enlarged surface area and unique charge transfer kinetics
along the 1-D direction, but most of the synthetic routes have
been limited by the use of solution-based processes, such as
hydrothermal or solvothermal methods.16 Recently, Y. Cheng
et al. reported the preparation of BiVO4 fibers by electrospinning,17 but their work was mainly focused on the morphological study according to the calcination temperature and
their photocatalytic dye-degradation performance. Thus, the
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Scheme 1 Schematic illustration of the proposed water oxidation reaction using Ni@NiO/W:BiVO4 NFs under visible light irradiation.

rational design of eﬃcient photocatalysts by introducing a cocatalyst or doping into BiVO4 is highly desired.
Herein, we report on the synthesis of W-doped BiVO4 nanofibers (W:BiVO4 NFs) using the electrospinning process, the
most facile and versatile route for producing polycrystalline
1-D nanomaterials. Furthermore, we introduced Ni nanoparticles (NPs) as co-catalysts, which are immobilized on the
outer surface of W:BiVO4 NFs. Core Ni–shell NiO (Ni@NiO)
NPs were functionalized on W:BiVO4 NFs (hereafter, NiO@Ni/
W:BiVO4 NFs) after mixing and annealing under an Ar atmosphere. The overall preparation of the NiO@Ni/W:BiVO4 NFs is
described in the ESI (Experimental details and Fig. S1†). The
improved photocatalytic water oxidation characteristics of the
Ni@NiO/W:BiVO4 NFs were investigated in comparison with
those of pristine, fully oxidized NiO- and Pt-loaded W:BiVO4
NFs. Scheme 1 shows the schematic illustration of Ni@NiO/W:
BiVO4 NFs and the proposed reaction as a photocatalyst for
water oxidation. When W:BiVO4 NFs are irradiated under
visible light, the photogenerated electrons in W:BiVO4 NFs
readily transfer to the Ni core as an electron sink, while the
photogenerated holes can take part in the water oxidation reaction on the surface of W:BiVO4 NFs, simultaneously. Furthermore, oxidized Ni elements also act as additional water
oxidation sites where residual holes from W:BiVO4 NFs are
transferred to the outer part of NiO. We conclude that the outstanding performance of the Ni@NiO/W:BiVO4 NFs was
mainly attributed to the unique core–shell structure of
Ni@NiO providing bi-functional eﬀects on the W:BiVO4 NFs in
a synergistic manner. This work oﬀers a simple preparation
method for the integrated materials including 0-D Ni NPs and
1-D W:BiVO4 NFs and demonstrates the eﬀect of co-catalysts
explained by the band structures of metals and/or metal
oxides for photocatalytic water oxidation.
The morphologies of the electrospun W:BiVO4 NFs were
examined using a scanning electron microscope (SEM) and a
transmission electron microscope (TEM). As-spun composite
fibers including inorganic precursors (Bi(NO3)3·5H2O,

Green Chem.

Fig. 1 SEM images of (a) as-spun polymer/precursor ﬁbers (inset is a
cross-section image of as-spun ﬁbers), crystallized W:BiVO4 NFs with
(b) low and (c) high magniﬁcation. (d) TEM image of W:BiVO4 NFs and
(e) HRTEM image of the red box from (d). (f ) Element mapping of
W:BiVO4 NFs. (g) TG/DSC curves of W:BiVO4 NFs (TG curve: black, DSC
curve: red, heating range: 30–550 °C with a rate of 5 °C min−1). (h) N2
adsorption–desorption isothermal graph and BJH pore-size distribution
(inset) of W:BiVO4 NFs. The representative W:BiVO4 is 1 at% W doped
BiVO4, substituting the V sites (BiV0.99 W0.01 O4).

VO(AcAc)2, and W(OC2H5)5 with an atomic ratio of Bi : V : W =
50 : 49 : 1) and two polymers ( polyvinylpyrrolidone (PVP) and
polyvinyl-acetate (PVAc)) exhibited a continuous 1-D structure
with a smooth surface and a uniform diameter of ∼400 nm
(Fig. 1a). After calcination at 450 °C in air, polycrystalline W:
BiVO4 NFs were obtained through the decomposition of the
polymers and crystallization of W:BiVO4. The morphology of
the W:BiVO4 NFs was significantly influenced by the matrix
polymers that were used as sacrificial templates during the
electrospinning process (Fig. S2†). When a PVP polymer was
solely used, the calcined W:BiVO4 NFs consisted of large
grains and dense structures without any pores. On the other
hand, W:BiVO4 NFs prepared with only PVAc containing solution exhibited numerous pores on the surface, but the 1-D
nanofiber structure collapsed. This is attributed to the
phenomenon that the incompatibility of the PVAc and metal
precursors stimulated a highly porous structure, but the lower
molecular weight of PVAc did not maintain the 1-D nanofiber
morphology. The use of the solution with rational mixing of
two polymers, i.e., PVP and PVAc with a weight ratio of 1 : 1,
provided the successfully synthesized W:BiVO4 NFs with a
highly porous and 1-D elongated morphology (Fig. 1b and c).
The morphology controlled W:BiVO4 NFs consisted of nanosized grains (30–80 nm) and reduced diameters of ∼250 nm
due to the volumetric densification of inorganic compounds
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and removal of residual solvents and polymers during calcination. The voids of the fibers were clearly observed in the TEM
image (Fig. 1d), and the magnified image shows that the interplanar distance of the domain is 3.08 Å corresponding to the
(121) plane of monoclinic-scheelite type BiVO4 (Fig. 1e). As
shown in energy-dispersive X-ray spectroscopy (EDS) (Fig. S3†)
and elementary mapping (Fig. 1f ), the representative W:BiVO4
NFs have W atoms around 1 at% of the W doping level and
they are well distributed into the overall W:BiVO4 composite.
The synthetic process of porous W:BiVO4 NFs was investigated
using a thermogravimetric analyzer and diﬀerential scanning
calorimetry (TGA/DSC) (Fig. 1g). The specific surface area of
the W:BiVO4 NFs was investigated using the Braunauer–
Emmett–Teller (BET) method (Fig. 1h). The BET surface area
of W:BiVO4 NFs is 18.95 m2 g−1, which is relatively higher than
that of W:BiVO4 particles (2.88 m2 g−1) prepared by the conventional solid-state reaction. The morphologies of W:BiVO4 NFs
were largely aﬀected by the calcination temperature (Fig. S4†).
The temperature dependence of the BET surface area and crystalline size was measured and calculated as shown in Fig. S5
and Table S1.† In brief, the BET surface area drastically
decreased as the calcination temperature increased due to the
huge grain growth of W:BiVO4. The inset of Fig. 1h shows that
the mesopores between 10–100 nm are attributed to many
voids distributed on the surface of the nanofibers. In our TGA/
DSC analysis, the first minor weight loss below 120 °C corresponded to the evaporation of the volatile component. The
weight loss in the range of 120–280 °C was attributed to the
decomposition of intermolecular bonding of inorganic precursors and PVAc (Tg = ∼30 °C). The significant weight loss above
280 °C was mainly due to the decomposition of PVP (Tg =
150–180 °C) and residual PVAc, and no weight loss was found
above 410 °C. According to the TGA curve, the porous 1-D
structure was formed by the removal of the volatile matters, inorganic precursor groups, PVAc and PVP. The DSC curve
showed the first exothermal peak around 285 °C, which indicates the crystallization of tetragonal-zircon phased W:BiVO4.
The additional exothermal peak around 410 °C means that
phase transformation into monoclinic-scheelite occurs, which
has the highest photocatalytic activity among the three types
of crystal phased BiVO4 (monoclinic-scheelite, tetragonalscheelite, and tetragonal-zircon type).5b
Ni NPs were synthesized by a modified polyol method.18
The as-prepared Ni NPs have a globular shape, which has (111)
crystallographic planes of the Ni metal (Fig. 2a, b). Ni NPs
have a broad size distribution of about 2–10 nm and an
average diameter of 6.8 nm (Fig. 2c). Ni NP loaded W:BiVO4
NFs were prepared with diﬀerent loading levels (0.01, 0.1, 0.2,
and 1 wt%). Among them, 0.1 wt% Ni loaded W:BiVO4 NFs
were characterized by SEM and TEM analysis as the representative samples due to their outstanding catalytic activity (Fig. 2d–f).
As shown in Fig. 2d, small Ni NPs were attached to the
surface of the W:BiVO4 NFs (red dashed circles). A high resolution TEM image shows that the attached Ni NPs are
surrounded by a thin layer with an estimated thickness of
∼1.5 nm. The ring patterns corresponded to (110), (121), (220),
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Fig. 2 TEM images of synthesized (a) Ni NPs and (b) their lattice fringes.
(c) The size distribution of synthesized Ni NPs measured from (a).
(d) SEM image of 0.1 wt% Ni@NiO loaded W:BiVO4 NFs (0.1Ni@NiO/W:
BiVO4 NFs). Red circle indicates Ni NPs. (e) TEM image of 0.1Ni@NiO/W:
BiVO4 NFs and (f ) corresponding SAED patterns. High resolution XPS
spectra of Ni 2p orbitals of (g) Ni@NiO/W:BiVO4 NFs and (h) 0.1 wt% NiO
loaded W:BiVO4 NFs (0.1NiO/W:BiVO4 NFs).

(231), and (222) planes of W:BiVO4 and the discrete dots represented the (111) plane of Ni (Fig. 2f ). Even though Ni
elements were hardly identified with XRD patterns due to their
small amounts, all the samples displayed identical diﬀraction
patterns of monoclinic-scheelite phased BiVO4 (PDF#14-0688)
(Fig. S6†). To identify the oxidation state of Ni NPs, X-ray
photoelectron spectroscopy (XPS) analysis was carried out for
Ni NP loaded W:BiVO4 NFs (Fig. 2g and h). The survey scans of
XPS showed that binding energies of Ni 2p3/2 are placed in the
range of 850–870 eV (Fig. S7†). As shown in Fig. 2g, for Ni NP
loaded W:BiVO4 NFs in Ar gas, the distinctive peaks were
detected at 852.85, 855.56, and 857.25 eV, matched with nickel
metals, Ni2+ and Ni3+.19 It is ambiguous to classify the oxidation states of NiO and Ni(OH)2.20a In the cyclic voltammetry
(CV) analysis (Fig. S8†), a Ni3+/Ni2+ redox wave for a NiOOH/Ni
(OH)2 redox couple20 does not exist, which means that the Ni2+
state originated from NiO which has been known for the water
oxidation catalyst. The composition of Ni was 28 at%, whereas
those of NiO and Ni2O3 were 59 and 13 at%, respectively. It
can be concluded that the surfaces of the Ni NPs were partially
oxidized during the drying and annealing processes, resulting
in the formation of NiO (shell)–Ni (core) NPs. Based on the
analysis of TEM images and XPS spectra, the relative ratio of
Ni/NiO was calculated to be 69 to 31 (based on Ni mol%). This
proves the unique core–shell structure of Ni NPs observed in
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Fig. 2e. Hereafter, the NiO (shell)–Ni (core) NP loaded
W:BiVO4 NFs are denoted as Ni@NiO/W:BiVO4 NFs. On the
other hand, Ni metals were fully oxidized to NiO after the
annealing step under an air atmosphere. As shown in Fig. 2h,
the fully oxidized NiO-loaded W:BiVO4 (NiO/W:BiVO4) NFs consisted of 79 at% of NiO and 21 at% of Ni2O3 without a metallic
Ni state (Ni0). These results indicate that the oxidation state of
Ni NPs can be easily controlled under annealing atmospheric
conditions.13c Pt has been known to be a good co-catalyst for
water oxidation and plays the role of an electron sink.11c So Pt
NPs were synthesized through the polyol method, having high
crystallinity and diameter of 5–10 nm. The detailed preparation method was illustrated in the Experimental section. The
(111) and (200) planes of Pt NPs were clearly observed by
HRTEM (Fig. S9†), and 0.01, 0.1, 0.2, 1, and 10 wt% Pt NPloaded W:BiVO4 NFs were prepared in the same way for comparison. As shown in Fig. 3a, all the samples exhibited absorption properties in the visible light region (λ > 420 nm). The
steep absorption profile of the spectrum in the visible region
is due to the electron transition at the band edges of monoclinic-scheelite phased W:BiVO4. These results implied that the
considerable absorption in the visible light region would

Fig. 3 (a) UV-visible diﬀuse-reﬂectance spectra and Tauc plots of
[hν·F(R∞)]2 versus photon energy of the as-prepared samples ( pristine,
0.1Ni@NiO-, 0.1NiO-, and 0.1Pt-loaded W:BiVO4 NFs). (b) The time
courses of O2 evolution under visible light irradiation for pristine,
Ni@NiO-loaded (0.01, 0.1, 0.2, 1, and 10 wt%), and 0.1NiO/W:BiVO4 NFs.
(c) The time courses of O2 evolution for 0.01, 0.1, 0.2, 1, and 10 wt% Ptloaded W:BiVO4 NFs. (d) The comparison of the maximum O2 evolution
for pristine, Ni@NiO-, NiO-, and Pt-loaded W:BiVO4 NFs. (e) The photocurrent density of W:BiVO4 particles and NFs, 0.1 wt% Ni@NiO and Ptloaded W:BiVO4 NFs. (f ) The cyclic test for 0.1Ni@NiO/W:BiVO4 NFs.
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enable the eﬀective utilization of visible light for photocatalytic water oxidation. As Ni loading on W:BiVO4 NFs
increased, the absorption of the light in a high wavelength
region (λ > 500 nm) also increased and the color of the powder
became darker (Fig. S10†). In brief, some portion of the light
is blocked due to the shadowing eﬀect by Ni or Pt NPs on the
surface of W:BiVO4 NFs, and other photons with insuﬃcient
energy to generate electron–hole pairs in W:BiVO4 can be
absorbed as phonons.3a The optical bandgap energy of each
sample was calculated from the Tauc plots obtained from the
diﬀuse-reflectance spectra. The bandgap energies of pristine
W:BiVO4 NFs and NiO/W:BiVO4 NFs were 2.53 eV, and Pt/W:
BiVO4 NFs and Ni@NiO/BiVO4 NFs were 2.52 eV. As displayed
in Fig. S11,† W:BiVO4 particles had bandgap energy of 2.41 eV,
which is smaller than those of W:BiVO4 NFs.
Photocatalytic water oxidation tests of W:BiVO4 particles,
pristine, NiO-, Pt-, and Ni@NiO-loaded W:BiVO4 NFs were
carried out in an aqueous solution containing silver nitrate
(AgNO3, 50 mM), as an electron acceptor, under visible light
irradiation (λ > 420 nm). The photocatalyst samples (30 mg)
were dispersed in a solution (30 mL) with magnetic stirring in
a gas-closed circulation system. To optimize the doping level
of W in W:BiVO4, the photocatalytic water oxidation tests of
W:BiVO4 NFs were carried out with diﬀerent W contents, i.e.,
BiV1−xWxO4, x = 0, 0.1, 0.5, 1, 2, 4, and 8. BiV99W1O4 NFs
showed the highest performance (Fig. S12†), which corresponds to the previous results.10d,11b In brief, the introduction
of W gave several advantages in photocatalytic activities such
as (i) generation of additional electrons resulting in the
increased electronic conductivity; (ii) a local internal field
aroused from the higher formal electron charge of W6+ compared to that of V5+ resulting in eﬃcient charge separation;
and (iii) an increase in the charge carrier lifetime.10b Table S2†
summarizes the photocatalytic activities of the prepared
samples including pristine W:BiVO4 NFs, co-catalysts
(Ni@NiO, NiO, and Pt) loaded W:BiVO4 NFs, and bulk W:
BiVO4 particles. W:BiVO4 NFs exhibited approximately 2-fold
higher O2 evolution performance than that of bulk W:BiVO4
particles. This enhancement in the amount of O2 evolution is
attributed to the increased reaction sites due to higher specific
surface area of W:BiVO4 NFs (18.95 m2 g−1) than that of W:
BiVO4 particles (2.88 m2 g−1). Although the enhancement of
the water oxidation performance of W:BiVO4 NFs does not
increase in proportion to the increase in the specific surface
area, it could be explained by (i) the limited light harvesting
properties due to the light blocking eﬀect during the reaction,
(ii) the polycrystalline nature of the NFs introducing the
recombination sites compared to that of the particles, and (iii)
the consumption of electron acceptors. The photocatalytic
water oxidation performance was dramatically improved in the
case of Ni@NiO/W:BiVO4 NFs (Fig. 3b) and 0.1Ni@NiO/
W:BiVO4 NFs showed the highest activity for the O2 evolution
reaction (20.79 μmol), whereas 0.1NiO/W:BiVO4 evolved
7.32 μmol of O2 gas. The gradual reduction of photocatalytic
activity is attributed to the reduced Ag+ ions, which were
deposited onto the surface of W:BiVO4 NFs as the reaction
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proceeded.21 In consideration of the performance of
0.1Ni@NiO/W:BiVO4 NFs, the co-catalytic eﬀects of Ni@NiO
are superior to the well known water oxidation electrocatalysts,
such as Co–Pi, CoOx, IrOx, and RuOx reported in the previous
literature12f (Table S3†). The catalytic activity for O2 evolution
increased as the Ni@NiO was loaded up to 0.1 wt%. This indicates that the higher loading of NPs on the surface of W:BiVO4
NFs would block the light harvesting at the host W:BiVO4 catalyst, and thus the generation of charge carrier was limited.3a
Similarly, 0.1Pt/W:BiVO4 NFs showed the highest activity for
O2 evolution (7.51 μmol) compared to 0.01Pt/W:BiVO4
NFs (6.24 μmol), and 1Pt/W:BiVO4 NFs (7.39 μmol) (Fig. 3c).
On the other hand, the activity of 0.1Pt/W:BiVO4 NFs
(7.51 μmol) is much lower than that of 0.1Ni@NiO/W:BiVO4
NFs (19.34 μmol) (Fig. 3d). The O2 evolution rates of the
samples were also compared with the unit of mol% of
Ni@NiO and Pt (Fig. S13†). The catalytic activities of all
Ni@NiO/W:BiVO4 NFs were higher than those of Pt/W:BiVO4
NFs in all mol% ranges. As shown in Fig. 3e, the anodic photocurrent of 0.1Ni@NiO/W:BiVO4 NFs was approximately
1.4 times higher than that of 0.1Pt/W:BiVO4 NFs, which indicates that Ni@NiO can separate photogenerated charges in
BiVO4 NFs than Pt more eﬀectively. Lastly, a life cycle test of
0.1Ni@NiO/W:BiVO4 NFs without AgNO3 was conducted. The
composite exhibited high stability and good recyclability
during the three cycles (Fig. 3f ).
We suggest a mechanism based on the band structures of
materials and schematic models of photocatalytic water oxidation, when the co-catalysts were applied to W:BiVO4 NFs
(Fig. 4). When W:BiVO4 NFs are dispersed in the aqueous solution under irradiation, photogenerated EHPs in the depletion
region induced by the liquid–solid junction move in the opposite direction due to the electric field.2b Therefore, the holes at
the valence band move to the surface of the photocatalysts and
take part in the water oxidation reaction, while the electrons
are transferred to reduction sites on the surface of the photocatalysts. In this overall reaction, the photogenerated electrons
can be easily recombined with the residual holes due to the
low electron mobility as indicated by “red dot-dashed line” in
Fig. 4a. This charge recombination can severely retard the
photocatalytic reaction rate. In the case of NiO/W:BiVO4, the
band bending occurred at the interface of p-type NiO and
n-type W:BiVO4, then the photogenerated holes in W:BiVO4 NFs
can be transferred to the NiO side (Fig. 4b). NiO has also been
known as an eﬃcient water oxidation catalyst, so the transferred holes can take part in the water oxidation reaction at the
NiO surface.22 But the residual electrons are easily recombined
with the holes before they are scavenged by electron acceptors.
Usually, the metals facing n-type metal oxides are considered
to act as electron scavenging sites during photocatalytic reactions due to their high work function value.23 We consider
that the photogenerated electrons at the surface of W:BiVO4
NFs can diﬀuse to the Pt side quickly. Consequently, the
imbalance between the densities of electrons and holes near
the surface decelerates the charge recombination rate in the
W:BiVO4 NFs, thus water oxidation properties were improved
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Fig. 4 The proposed mechanism of photocatalytic water oxidation of
(a) pristine, (b) NiO-loaded, (c) Pt-loaded, and (d) Ni@NiO-loaded W:
BiVO4 NFs in aqueous silver nitrate solution (50 mM). The electronic
aﬃnity of W:BiVO4 and NiO are 4.25 eV and 2.1 eV,26 and the work
functions of Ni and Pt are 5.15 eV 24 and 5.65 eV,25 respectively.

(Fig. 4c). This supposition can be equally applied in the case
of Ni@NiO/W:BiVO4 NFs. The photogenerated electrons in
W:BiVO4 NFs tend to transfer to the Ni metal existing at the
interface of W:BiVO4 and NiO shell due to the potential gradient (ΔE = 0.9 eV) raised from the diﬀerence between the work
function of Ni (5.15 eV)24 and the electron aﬃnity of W:BiVO4
(4.25 eV) (Fig. 4d). Therefore, the photogenerated holes can
easily migrate to the valence band of W:BiVO4, resulting in an
eﬀective charge separation in W:BiVO4 NFs. Considering the
work functions of Pt (5.65 eV),25 Pt has been known to be
more eﬀective than metallic Ni in terms of electron scavenging. However, Ni@NiO/W:BiVO4 NFs showed a better performance than that of Pt/W:BiVO4 NFs. This result clearly
shows that Ni@NiO came into contact with the W:BiVO4 NFs
which has an important function in the activity. As described
in Fig. 4d, the fast electron injection into the core Ni metal
can suppress the EHP recombination, thus the residual holes
on the surface of W:BiVO4 could involve the water oxidation
reaction eﬀectively. In addition to this, the photogenerated
holes would diﬀuse to the NiO on the surface of Ni@NiO/
W:BiVO4 NFs due to the band bending, and they take part in
the water oxidation reaction.
To estimate the external quantum eﬃciency of W:BiVO4
particles, W:BiVO4 NFs, and 0.1Ni@NiO/W:BiVO4 NFs, a
photocatalytic water oxidation reaction characteristic was
investigated using blue light-emitting diodes (Fig. S14†). The

Green Chem.

View Article Online

Published on 19 October 2015. Downloaded by Korea Advanced Institute of Science & Technology / KAIST on 10/12/2015 10:30:22.

Communication

external quantum eﬃciencies (EQE, η), defined by eqn (1)
shown in the Experimental section, were calculated to be 1.37,
3.18, and 5.84 for the W:BiVO4 particles, W:BiVO4 NFs, and
0.1Ni@NiO/W:BiVO4 NFs, respectively. The significant
enhancement in EQE for 0.1Ni@NiO/W:BiVO4 NFs was closely
related to the fact that 0.1Ni@NiO/W:BiVO4 NFs exhibited a
higher O2 evolution rate (3.43 μmol h−1) than those of W:
BiVO4 particles (1.04 μmol h−1) and W:BiVO4 NFs (2.54
μmol h−1). The result demonstrates that remarkably improved
photocatalytic water oxidation of Ni@NiO/W:BiVO4 NFs is
obtained by the synergetic eﬀects including increased surface
area of electrospun W:BiVO4 NFs and the rational combination
with bi-functional Ni@NiO co-catalysts for an eﬀective photocatalytic reaction.
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Conclusions
Highly porous W:BiVO4 NFs have been successfully synthesized via facile electrospinning and a subsequent calcination process. In addition, an earth-abundant Ni co-catalyst was
introduced as a form of Ni@NiO via an Ar ambient annealing
step. The Ni@NiO/W:BiVO4 NFs exhibited significantly
improved water oxidation performance under visible light
irradiation compared with those of Pt- or NiO NPs-loaded W:
BiVO4 NFs. In detail, the porous W:BiVO4 NFs provide numerous reaction sites and partially oxidized Ni@NiO NPs serve as
electron sinks (Ni core) by electronic band bending as well as
the additional water oxidation sites (NiO shell), simultaneously. Our synthetic strategy can be extended to other
possible combinations of earth-abundant and eﬃcient catalysts in an eﬀort to provide an improved performance by the
synergetic eﬀect.
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