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ABSTRACT: Synchrotron-based X-ray spectroscopic and micro-
scopic techniques are used to identify the origin of enhancement of
the photoelectrochemical (PEC) properties of BiVO4 (BVO) that
is coated on ZnO nanodendrites (hereafter referred to as BVO/
ZnO). The atomic and electronic structures of core−shell BVO/
ZnO nanodendrites have been well-characterized, and the
heterojunction has been determined to favor the migration of
charge carriers under the PEC condition. The variation of charge
density between ZnO and BVO in core−shell BVO/ZnO
nanodendrites with many unpaired O 2p-derived states at the
interface forms interfacial oxygen defects and yields a band gap of
approximately 2.6 eV in BVO/ZnO nanocomposites. Atomic
structural distortions at the interface of BVO/ZnO nanodendrites, which support the fact that there are many interfacial oxygen
defects, affect the O 2p−V 3d hybridization and reduce the crystal field energy 10Dq ∼2.1 eV. Such an interfacial atomic/electronic
structure and band gap modulation increase the efficiency of absorption of solar light and electron−hole separation. This study
provides evidence that the interfacial oxygen defects act as a trapping center and are critical for the charge transfer, retarding
electron−hole recombination, and high absorption of visible light, which can result in favorable PEC properties of a nanostructured
core−shell BVO/ZnO heterojunction. Insights into the local atomic and electronic structures of the BVO/ZnO heterojunction
support the fabrication of semiconductor heterojunctions with optimal compositions and an optimal interface, which are sought to
maximize solar light utilization and the transportation of charge carriers for PEC water splitting and related applications.

KEYWORDS: core−shell BVO/ZnO heterojunction, photoelectrochemical properties, band gap, interfacial defects,
X-ray absorption spectroscopy, scanning transmission X-ray microscopy

■ INTRODUCTION

Photoelectrochemical (PEC) water splitting is a promising
technique for transforming solar energy into chemical energy
using semiconducting materials; this process produces H2 and
O2 and mimics natural photosynthesis in plants.1−3 This
technique has become more relevant recently, as a result of
rapidly increasing global energy consumption and environ-
mental contamination. The development of clean and renewable
energy sources has become important for sustainable develop-
ment. Since the discovery of water splitting in TiO2 in the early
1970s, global efforts have been made to develop efficient PEC
using semiconducting materials for solar water splitting, in
which visible light is absorbed using an appropriate band
alignment with water redox potentials and stability in the
presence of water.2−4 PEC water splitting transforms solar

energy into chemical energy, requiring a thermodynamic
potential of only 1.23 V.1,5

For the stability of PECmaterials in water, oxides are generally
more stable than sulfides, nitrides, and any other compound
semiconductors.6,7 However, the range of oxide semiconductors
for PEC operations is limited and materials with favorable PEC
properties must be selected.2,8 Some of these materials are
reportedly superior in their nanostructural forms, which provide
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a large surface to area ratio, favorable geometrical features, and
an appropriate band gap.9,10 Various strategies for enhancing the
PEC properties have been proposed, such as varying their
morphologies, doping, and the fabrication of nanocore−shell
composites or heterojunctions.3,11 The limitations of simple
structures can be eliminated by combining multiple cations to
form core−shell structures or heterostructures of oxide
compounds.9,12

Scheelite-monoclinic bismuth vanadate, BiVO4 (referred to as
BVO), provides visible light-driven photocatalysis in water
splitting. It has a band gap of ∼2.4 eV, appropriate band edge
alignment for water redox potentials,9,12,13 and intrinsic n-type
semiconducting properties.14,15 However, BVO exhibits poorer
solar-to-hydrogen performance than theoretically predicted and,
therefore, poorer PEC performance, owing to its poor charge
transportation, slow hole kinetics associated with oxygen
evolution, and extensive recombination of electrons and
holes.12,13,15 As stated above, this limitation can be overcome
by various means. A significant enhancement of PEC behavior
has been observed in BVO-based nanostructure heterojunction
photoanodes.9,12,13,15 This improvement suggests increases in
charge transportation, light absorption, and separation between
electrons and holes before they recombine by forming a
heterojunction. Following the formation of the heterojunction,
the band bending and internal built-in field in the interface
region between different semiconductors generally influence the
photogenerated electron−hole separation, absorption of visible
light, and transportation of charge, improving PEC perform-
ance.9,16 The heterostructure that is formed by ZnO with a
wurtzite nanostructure and BVO with a monoclinic scheelite
structure is reportedly very promising for the great performance
of PEC materials.9,13,17 In the high-performance PEC water
splitting, BVO acts as a primary light absorber for wider solar
spectral harvesting, and ZnO causes the transfer of the
photoexcited electrons, increasing their lifetime and the
separation of the photogenerated charge carriers. The charge
transfer in the conduction band (CB) has been suggested to be
from BVO to ZnO in the BVO/ZnO heterojunction, making the
high PEC behavior under irradiation by visible light.9,17

Orimolade et al.18 reported that the BVO/ZnO heterojunction
exhibits charge transfer from ZnO to BVO in the CB, based on
an argument that the CB edge of ZnO is higher than that of BVO
before the heterojunction,19 which is Type-I, is formed.
Balachandran et al.20 drew a similar conclusion, emphasizing
that the ZnO and BVO semiconductors exhibit Type-I
heterojunction band alignment, leading to the transfer of both
photoexcited electrons and holes from ZnO to BVO owing to
the variation of the potentials at the band edge. In contrast,
Chang et al.21 reported the formation of Type-II band-aligned
one-dimensional ZnO nanorods with BVO nanocrystals. Liu et
al.22 stated both small electron and hole polarons in BVO, of
which the former was indirectly observed in temperature-
dependent electrical studies and the latter was identified directly
using terahertz spectroscopy.23 The interfacial charge trans-
portation and separation can be improved by the evolution of
the internal junction field, contact area, and the defects in the
interface region of the nanostructured heterojunction.16,24,25

The aforementioned characteristics of the heterojunction have
been extensively studied using various laboratory-based
experimental techniques. To the best of our knowledge, the
mechanism of the enhancement of photocatalytic properties in
the BVO/ZnO system remains unsettled. In view of above-
mentioned studies, the charge carrier transfer pathway from

BVO (ZnO) to ZnO (BVO) is still under debate. Few advanced
spectroscopic studies of this controversial issue have provided
direct evidence concerning the type of band alignment and
charge transfer mechanism in such core−shell BVO/ZnO
nanodendrites.
The three steps in the charge kinetics that are typically

considered in attempts to improve the photocatalytic perform-
ance of heterostructures are charge separation, charge transport,
and surface catalytic reaction. Thus, the oxygen defects at the
interface of a photocatalyst critically drive the moderate charge
dynamics at the interface, which include transfer and separation
with suitably engineered positions of the CB and valence band
(VB) near/at the Fermi level.26−29 Therefore, the charge
transfer, electron−hole separation, and appropriate band edge
can be controlled by changing the number of defects. Hence, the
PEC performance can be tuned the photoexcited electrons from
the VB easily excited to the CB in the heterojunction material as
the defect states are nearly below/above the CB/VB edge before
the photoinduced electrons recombine with the holes in the VB.
To gain deeper insight into the evolution of charge

transportation, band alignment, and electron−hole separation
to improve PEC performance in a core−shell BVO/ZnO
heterojunction, information about the local atomic/electronic
structures and the effect of the defects in the interfacial region
are crucial. The results concerning the PEC performance of the
present BVO/ZnO samples have been obtained by Yang and
Wu.13 These results proved that PEC performance in core−shell
BVO/ZnO was better than that in bare BVO. Deposition of the
cocatalyst Co−Pi on the surface of BiVO/ZnO nanodendrites
further enhanced PEC performance. Yang and Wu focused on
the synthesis and the characterization of bare BVO, core−shell
BiVO/ZnO, and the same coated with the cocatalyst Co-Pi/
BiVO/ZnO and their corresponding PEC performance.13

Herein, synchrotron-based studies are carried out to elucidate
the role of the interface and defect in the improved PEC ability.
In principle, PEC properties depend on the band structure,
which is closely related to the atomic and electronic structures of
a material.28,30,31 The atomic and electronic structures and the
band alignment of materials can be effectively investigated using
synchrotron-based X-ray spectroscopic and microscopic techni-
ques, such as X-ray absorption near-edge structure (XANES),
extended X-ray absorption fine structure (EXAFS), X-ray
emission spectroscopic (XES), VB photoemission (VB-PES),
and spatially resolved scanning transmission X-ray microscopic
(STXM) techniques. The main advantage of STXM, combined
with their corresponding XANES (STXM-XANES), herein is its
ability to map the chemical states and to determine spatially
resolved electronic structures in the specific region of
interest.32,33 These advanced experimental tools are the most
suitable for spatially resolving the mechanism that is responsible
for the enhancement of PEC properties in BVO/ZnO
nanodendrites that are associated with a core−shell hetero-
junction. XANES and VB-PES probe the electronic structures
and provide information on the unoccupied and occupied
densities of states near/at the Fermi level, respectively. EXAFS
provides the local atomic environments around the absorbing
atoms. The relative band gap is also characterized using a
combination of XANES and VB-PES spectra. Synchrotron-
based X-ray absorption spectroscopic characterization can be
used under solar light irradiation to observe the light-driven
electron density variation and thereby to obtain insight into the
photocatalytic mechanism. This work focuses on the morpho-
logical and photoluminescence (PL) properties and the atomic
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and electronic structures of the core−shell BVO/ZnO

nanostructure, which are investigated using scanning electron

microscopy (SEM)/transmission electron microscopy (TEM),

PL, XANES, EXAFS, STXM-XANES, XES, and VB-PES

techniques. The role of the interfacial defects in the

heterojunction and the mechanism of the enhancement of
PEC properties are thus elucidated comprehensively.

■ RESULTS AND DISCUSSION

The SEM image of BVO in Figure 1a1 exhibits a nanoplate-like
surface morphology and a thickness of ∼500 nm on a fluorine-

Figure 1. (Left panel) Top-view and cross-sectional (inset) SEM images of (a1) nanoplate BVO, (b1) nanodendrite ZnO array, and (c1) nanodendrite
BVO/ZnO array. (Middle panel) Morphological TEM images of (a2) nanoplate BVO, (b2) nanodendrite ZnO array, and (c2) nanodendrite BVO/
ZnO array. (Right panel) Corresponding EDS mappings in yellow blocks in TEM images of a2, b2, and c2.

Figure 2. (a) XRDpatterns of BVO/ZnO, ZnO, BVO, and FTO samples. The inset shows themonoclinic scheelite structure of BVO. (b) PL spectra of
BVO/ZnO, BVO, and ZnO; lower-right inset magnifies the BVO spectrum by a factor of 10. The upper inset presents the HR-TEM image of defect
regions (red dashed circle) at the interface of core−shell BVO/ZnO; the lower-left inset magnifies the blue block of HR-TEM to clearly observe the
defect region.
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doped tin oxide (FTO) substrate (inset of Figure 1a1). The
TEM image in Figure 1a2 shows that the mean size of a
nanoplate of BVO is ∼125 nm. Energy-dispersive spectroscopy
(EDS) mapping was performed in the area that is marked by the
yellow block in Figure 1a2. Figure 1a3−a5 presents the EDS
mappings of Bi, V, and O elements, respectively, in BVO and
reflects the expected stoichiometric ratio of ∼1:1:4. Figure
1b1,c1 presents top-view SEM images of the ZnO nanodendrites
and BVO/ZnO, respectively. The ZnO trunks that form the
nanostructure of nanodendrites in both ZnO and BVO/ZnO
have many branches. Although these two samples exhibit similar
morphologies of the nanodendrites, as shown in Figure 1b1,c1,
the mean diameter of the ZnO trunks in BVO/ZnO (∼250 nm)
exceeds that of ZnO (∼200 nm) because coating BVO on ZnO
forms the core−shell nanostructured BVO/ZnO. The thick-
nesses of the ZnO and BVO/ZnO thin films are ∼1.7 and 2.0
μm, respectively, as revealed by the cross-sectional SEM images
in the insets of Figure 1b1,c1. Additionally, BVO/ZnO appears
more disordered in the cross-sectional view than does ZnO. The
TEM images of ZnO and BVO/ZnO display the nanodendritic
shape with lengths of ∼0.5 μm (Figure 1b2) and 0.6 μm (Figure
1c2), respectively. The yellow block represents the EDS
mapping area in both ZnO and BVO/ZnO. This EDS mapping
of ZnO reveals the similar distributions of Zn andO, as shown in
Figure 1b3,b4, respectively. However, the elemental concen-
tration ratio of Zn and O is ∼1.00:0.98, indicating the presence
of a few intrinsic oxygen defects in ZnO, possibly as a result of
the use of various synthetic methods,34,35 while being close to
the stoichiometric value for ZnO. The EDS mappings in Figure
1c3−c6 show that the shell (core) of nanodendrites is distributed
by Bi and V (Zn), and the O elements are distributed all over the
area of the core−shell in BVO/ZnO. This finding provides
direct evidence of the successful formation of a nanostructural
core−shell heterojunction in BVO/ZnO. As evidenced by
Figure 1c3,c4, the V element is not only distributed within the
shell but also diffused slightly to the core, unlike Bi. This
phenomenon may affect the local atomic environment of V by
increasing the disorder/distortion of the VO4 tetrahedra.
Figure 2a presents the X-ray diffraction (XRD) patterns of

BVO/ZnO, BVO, ZnO, and FTO. The features in the XRD

pattern of BVO and ZnO are characteristic of monoclinic
scheelite15 and hexagonal wurtzite structures,34 respectively. All
of the XRD features of BVO/ZnO are attributed to the
crystalline nature of FTO (substrate) and the coexistence of the
BVO (shell) and ZnO (core) phases. These spectra also reveal
the absence of other impurities/phases. The inset in Figure 2a
presents the crystal structure of BVO, which comprises a layered
structure of Bi−V−O units with edge-sharing BiO8 (dodecahe-
dron) and VO4 (tetrahedron) subunits that are separated by
weakly bonded oxygen planes perpendicular to the c-
direction.12,14 Notably, the characteristic patterns of ZnO in
BVO/ZnO are almost identical to those of ZnO, but the
intensity of the prominent feature (002) is greater, implying that
the ZnO (core) in BVO/ZnO is more anisotropic than that in
bare ZnO. The characteristic feature (121) of BVO (shell) in
BVO/ZnO is weaker than that of bare BVO, indicating a greater
structural disorder or more defect states of BVO (shell) in the
BVO/ZnO nanocomposite. Figure 2b displays the PL spectra of
BVO/ZnO, BVO, and ZnO. A clear PL feature is observed in the
range 425−600 nm in the spectrum of BVO/ZnO but not in the
spectrum of BVO and ZnO. The upper inset in Figure 2b
presents a high-resolution TEM (HR-TEM) image of BVO/
ZnO in which the dashed green line indicates the interface
between BVO and ZnO. The lattice spacings of (121) in the
scheelite BVO and (002) in the wurtzite ZnO structure on the
shell and core sides, respectively, are obtained from the HR-
TEM micrograph of core−shell BVO/ZnO and are consistent
with the XRD results. The HR-TEM image also provides greater
insight into lattice mismatches at/near the interface of the core−
shell BVO/ZnO nanocomposite. These are indicated by red
circles [upper inset in Figure 2b] and confirm the presence of
defects in the interface region of the core−shell BVO/ZnO
heterojunction.26,36 To clearly observe the interfacial defects,
the magnified view of the HR-TEM image is shown in the lower-
left inset in Figure 2b. The increased number of defects at the
core−shell heterojunction in BVO/ZnO affects the charge
dynamics, including separation and transfer behaviors.27,29 This
increase in the number of defects at the core−shell interface of
the BVO/ZnO heterojunction results in intense PL emission.
BVO has a near-band-gap (NBG) transition of∼2.4 eV.13,14 The

Figure 3. FT of EXAFS spectra at (a) Zn K edge of BVO/ZnO and ZnO, (b) Bi L3 edge of BVO/ZnO and BVO, and (c) V K edge of BVO/ZnO and
BVO. Upper insets show corresponding k-space EXAFS spectra.
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PL measurement of BVO yields a broader but weak spectral
feature that is centered at ∼520 nm, corresponding to a green
emission band (∼2.4 eV), as shown in the lower-right inset.
Janotti and Van De Walle37 theoretically found that defects of
low formation energy of the vacancy at Zn sites are the main
source of this green emission. Various defects, such as the
vacancy at O sites38 and Zn37 and O antisites,39 have also been
proposed to be responsible for green emission in ZnO. This
interfacial defect implies that the heterojunction of BVO/ZnO is
critical for improving charge separation and for efficient
interelectron transportation. In this core−shell nanocomposite,
BVO acts as a sensitizer that absorbs visible light and the
heterojunction of BVO/ZnO acts as an active center that
controls the recombination of photoinduced electron−hole
pairs. As shown in Figure 2b, the PL spectra of ZnO and BVO/
ZnO have two features−one sharp and intense feature at ∼380
nm and another broader feature, centered at ∼550 nm for ZnO
and ∼500 nm for BVO/ZnO; these are generally attributed to
NBG transition, and the broad emission is caused by surface or
grain boundary defects.40,41 The visible light absorption
properties of the nanocomposite of BVO/ZnO are compared
with those of BVO and ZnO in the range of 400−700 nm;
however, the PL intensity in BVO/ZnO clearly exceeds those in
BVO and ZnO, indicating that BVO/ZnO has more O and/or
Zn defects in the core−shell heterojunction. The sharp feature at
∼380 nm (NBG transition) in the spectrum of BVO/ZnO is
much lower than that in the spectrum of ZnO, suggesting a
higher rate of separation of photoexcited electrons and holes.29

Figure 3(a) displays the Zn K edge Fourier transform (FT)
spectra of k3χ data in R-space of BVO/ZnO and ZnO, and their
corresponding k-space EXAFS (χ) is presented in the inset. Two
main FT features at∼1.8 and 3.1 Å are attributed to the nearest-
neighboring (NN) Zn−O and Zn−Zn bond distances in

ZnO.33,42 The general line shape and radial distribution in the
FT spectra of BVO/ZnO are similar to those in the FT spectra of
ZnO, with no broadening or shift. However, the intensities of
these two main FT features in the spectrum of BVO/ZnO are
slightly lower than those in that of ZnO, indicating a higher
Debye−Waller factor (DWF) and suggesting greater structural
disorder around Zn atoms in BVO/ZnO than in ZnO and/or
lower coordination numbers of NN O and Zn around Zn. This
difference arises from the coating of BVO on nanodendritic
ZnO, which generates oxygen and zinc defects at the interface of
the core−shell structure in BVO/ZnO, as supported by the
above-discussed PL spectra and HR-TEM images, which reveal
the formation of defects at the interfaces. As shown in Figure 3b,
the Bi L3 edge FT spectra of k3χ data of BVO/ZnO and BVO
include twomain features at∼1.6 and 3.1 Å, which are attributed
to the NN Bi−O and Bi−Bi (V) bonds, respectively;43,44 the
inset displays their corresponding k-space EXAFS. The
intensities associated with both NN Bi−O and Bi−Bi (V)
bonds in BVO/ZnO are lower than those in BVO and closely
associated with the large disorder around Bi atoms with the
many defects at the interface in the core−shell BVO/ZnO
heterojunction. This result is consistent with the fact that the
characteristic XRD pattern (121) of BVO in BVO/ZnO is less
than that of bare BVO, indicating greater structural disorder
and/or more defects in the shell-BVO of BVO/ZnO. The
analytical results herein are also reflected in the Zn and V K edge
FT observations. The V K edge FT spectra of k3χ data in Figure
3c have similar line shapes with one main feature that is
associated with the NN V−O bond distance of ∼1.6 Å in BVO/
ZnO and BVO;44 the inset presents their corresponding k-space
EXAFS. The intensity of the main feature in the FT spectrum of
BVO/ZnO is lower than that of BVO and the feature is slightly
shifted to a higher radial distance. The decrease in the intensity

Figure 4. (a) Zn L3 edge XANES spectra of BVO/ZnO and ZnO in TFY and TEY modes (in the dark and under illumination). The middle panel
shows the difference spectra of BVO/ZnO and BVO between illuminated and dark conditions in TEY mode. The bottom panel shows the difference
between spectra under illuminated and dark conditions of BVO/ZnO and ZnO in TFY and TEY modes. XANES spectra of (b) V L3,2 edge in BVO/
ZnO and BVO; the inset shows Bi L3 edge XANES spectra. (c) O K edge XANES in BVO/ZnO, BVO, and ZnO samples under illuminated and dark
conditions in TEY mode. The bottom panel shows the difference spectra between illuminated and dark conditions.
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reveals the larger local structural disorder (higher DWF) and/or
more defects around the V sites in BVO/ZnO. A shift in the
main feature corresponds to an increase in the bond distance of
NN V−O, reflecting the structural distortion of the VO4
tetrahedron in BVO/ZnO, as identified by comparison with
that in bare BVO. Each V atom is surrounded by four O atoms,
to form a VO4 tetrahedron in the BVO scheelite structure.12,14

The distortions of the tetrahedral structure may alter the orbital
energy level and charge transport behavior.45 Therefore, the
greater structural disorder around the V atoms and the stronger
distortions of the VO4 tetrahedron are caused by an increase in
the number of interfacial defects in the core−shell BVO/ZnO
heterojunction. Figure 3a−c reveals that high local structural
disorder and/or the presence of large defects not only at NN
Zn−O and Zn−Zn but also at Bi−O, Bi−Bi (V), and V−O
bonds in the BVO/ZnO nanocomposite, showing that the
defects and, particularly, the oxygen-related defects importantly
affect the PEC properties of BVO/ZnO. An increase in the
number of oxygen-related defects in the core−shell BVO/ZnO
is, again, consistent with the PL results and HR-TEM
measurements. The local structural disorder around Zn, Bi,
and V atoms and the particularly large distortions of the BiO8
(dodecahedral) and VO4 (tetrahedral) subunits at the core−
shell BVO/ZnO heterojunction are enhanced by the oxygen-
related defects, predominantly at the interface of the core−shell
heterojunction when the BVO film is coated onto the ZnO
nanodendrites. The FT spectra presented in Figure 3a−c
demonstrate that the large structural disorder in the BVO/ZnO
nanocomposite compared to that in BVO or ZnO arises from a
high density of defects and/or dangling bonds, mostly related to
O atoms.
Figure 4a shows the XANES spectra of BVO/ZnO and ZnO

at the Zn L3 edge obtained in both the total fluorescence-yield
(TFY) (bulk-sensitive) and total electron-yield (TEY) (surface-
sensitive) modes. Since the Zn 3d orbital is fully occupied, these
spectra are attributed to the dipole-selection transition rules that
govern the excitation of the Zn 2p electron to Zn 4s/d
unoccupied states above the Fermi level.42 These spectral
features of BVO/ZnO and ZnO in both TFY and TEY modes
are similar, but with small differences in their line shapes, and
consistent with the previously reported results for ZnO.33,46 The
spectral profiles of BVO/ZnO and ZnO are almost identical in
TFYmode. This suggests that the electronic structure in the core
region of ZnO is almost unaffected by coating BVO in BVO/
ZnO. However, BVO/ZnO yields a less intense spectral feature
in ZnO in TEY mode, implying that the interfacial electronic
structure of core ZnO is affected by a thin coating of BVO. The
lower panel in Figure 4a presents the difference Zn L3 edge
XANES spectra of BVO/ZnO and ZnO both in TEY and TFY
modes. The lower (negative) intensity of the spectral feature
reflects fewer unoccupied Zn 4s/d states in the core ZnO of the
BVO/ZnO nanodendrites than in the bare ZnO. Thus,
intuitively, the fewer unoccupied Zn 4s/d states of nano-
dendrites cause the charge (electrons) to transfer from BVO to
ZnO upon the formation of the BVO/ZnO interface. However,
since the band gaps of BVO and ZnO are approximately 2.4 and
3.3 eV and the corresponding electron affinities are ∼5.247 and
∼4.5 eV,48 respectively, the Fermi level of the heterojunction
equalizes when ZnO is coated with BVO, by causing the transfer
of electrons from ZnO to BVO. Moreover, since the absorption
feature intensity not only reflects the number of unoccupied
electronic states but also is strongly related to the number of
species, and specifically unpaired dangling bonds,33,42 that can

be detected, any evolution of spectral intensity due to charge
transfer from BVO to ZnO is unlikely. Instead, the spectral
variation arises from the fact that less ZnO can be probed
through the heterojunction of BVO/ZnO by XANES in surface-
sensitive TEYmode than in bulk-sensitive TFYmode, Figure 4b
presents the V L3,2 edge XANES spectra of BVO/ZnO and BVO
in TEY mode. According to the dipole-selection transition rule,
these spectra arise from electron transitions from V 2p3/2 to V 3d
and fromV 2p1/2 to V 3d states. Themain features C1 (516.2 eV)
and C2 (518.3 eV) are referred to as the L3 edge followed by L2
edge with a shoulder-like feature D1 (523.0 eV) and a broader
main feature D2 (525.1 eV). These are associated with the
splitting of the V 3d orbitals into two suborbitals eg and t2g under
the tetrahedral symmetry of VO4,

49,50 respectively. The
intensities of the spectral features in the V L3,2 edge XANES
spectra of BVO/ZnO are higher than those of BVO, suggesting a
higher density of unoccupied states in the V 3d orbital (eg and
t2g) above the Fermi level in the core−shell BVO/ZnO
nanocomposites. This larger number of V 3d unoccupied states
is caused by oxygen defects, as verified by the EXAFS results and
the redistribution of charge from ZnO that generates more
unpaired electronic states in the BVO region in the interfacial
BVO/ZnO. The positions of features C2, D1, and D2 of BVO/
ZnO are almost the same as those of BVO, but feature C1
(∼516.2 eV) in the spectrum of BVO/ZnO is shifted to∼0.1 eV
toward the higher energy than that in the spectrum of BVO
(∼516.1 eV). The energy difference between features C1 and C2
equals the energy splitting in the eg and t2g states at the V 3d
orbitals, which is the ligand field splitting energy of 10Dq ∼2.2
eV for BVO. This value is consistent with that obtained in
previous studies.49,50 The decrease in 10Dq to ∼2.1 eV for
BVO/ZnO arises from the distorted tetrahedral structure of
VO4, increasing the number of oxygen defects at the core−shell
interface. As discussed above, the V K edge EXAFS spectra in
Figure 3c are consistent with the strongly distorted tetrahedral
structure of VO4 in the BVO/ZnO nanocomposite. The inset in
Figure 4b shows the Bi L3 edge XANES spectra of BVO/ZnO
and BVO samples. The main absorption feature arises from
electron transitions from the Bi 2p3/2 to unoccupied Bi 6d
state.43 The Bi L3 edge XANES spectra of both BVO/ZnO and
BVO display the trivalent state of Bi and dodecahedral
coordination.43 The main absorption feature of BVO/ZnO is
broader and slightly less intense than that of BVO, revealing a
lower density of unoccupied Bi 6d states and weakly localized Bi
6d states above the Fermi level. The weaker and broader main
feature of the Bi L3 edge in BVO/ZnO is attributed to the
distortion of the coordination of Bi in shell BVO relative to that
in bare BVO. The coordination of Bi with O in BVO is generally
BiO8, yielding the dodecahedral structure that is shown in the
inset in Figure 2a. This variation of coordination in Bi 6d is
attributed to distortion in the local structure as the number of
oxygen defects in the core−shell BVO/ZnO increases. Herein,
the presence of oxygen defects is evidenced and these oxygen
defects are believed to be favoring PEC behavior. This finding is
also consistent with the above discussions that are based on
Figure 3a−c.
The increase in the number of V 3d unoccupied states (holes)

above the Fermi level in the interface region of the core−shell
BVO/ZnO heterojunction is likely to be caused by a
redistribution of charges between BVO and ZnO upon the
formation of the heterojunction. The charge redistribution
generates more unpaired electronic states on the BVO side and
thereby increases the number of unoccupied V 3d states. To
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show the redistribution of charges between core-ZnO and shell-
BVO, Figure 4c presents the normalized O K edge XANES
spectra measured in the surface-sensitive TEY mode of core−
shell BVO/ZnO, BVO, and ZnO. The OK edge XANES reflects
electron transitions from the O 1s to the 2p unoccupied states
and provides information about the hybridization, especially
involving the O 2 p−V 3d orbitals in shell-BVO and the O 2p−
Zn 3d/4sp orbitals in core-ZnO nanodendrites. As shown in
Figure 4c, features A1 and A2 at O K edge XANES of BVO/ZnO
and BVO are attributed to the hybridization of O 2p−V 3d (eg)
and O 2p−V 3d (t2g) orbitals, respectively.

49,50 Importantly, the
intensities of features A1 and A2 are suppressed, varying
oppositely to those enhanced for features C1 and C2 of V L3,2
edge XANES (Figure 4b) in BVO/ZnO as compared to those of
BVO. This fact reveals themodification of the hybridization of O
2p−V 3d in core−shell BVO/ZnOwith the suppression of 10Dq
∼2.1 eV by an increase in the number of interfacial oxygen
defects and consequent distortion of the VO4 tetrahedral
structure. This effect may also increase the rate of separation of
charge carriers at the interface of core−shell BVO/ZnO, with a
large distortion of the VO4 tetrahedral structure.51,52 The
intensities of features A1 and A2 in the spectrum of BVO/ZnO
are lower than those of BVO, indicating that fewer hybridized O
2p−V 3d (eg and t2g) unoccupied states are present at the shell-
side BVO and clearly demonstrating that the BVO gains charges
upon the formation of the heterojunction. Features B1 and B2 in
the O K edge XANES spectra in Figure 4c are primarily
attributed to electron transitions from O 1s to O 2p, hybridized
with Zn 3d/4sp-derived states.33,46 The more intense near-edge
features in the A1−B1 region of BVO/ZnO than those in ZnO
imply a greater density of local unoccupied states. These states
are unpaired/dangling O 2p-derived states owing to the defects
in the core−shell nanostructure.33,42 Therefore, ZnO (core) in
BVO/ZnO loses charge upon the formation of a heterojunction.
Notably, a direct physical contact between only ZnO and BVO
occurs, and then the spectral profile of BVO/ZnO is the sum and
the averaged spectra of bare ZnO and BVO. However, the
intensity of feature B1 of BVO/ZnO considerably exceeds that of

feature B1 of bare ZnO, while the intensity of feature B2 of BVO/
ZnO and bare ZnO is almost equal. The higher intensity of
feature B1 implies that the number of unoccupied O 2p-derived
states at the interface of the formed heterojunction of BVO/
ZnO increased, because of the increase in the number of oxygen
defects at the core−shell interface of BVO/ZnO. Thus, the
charge is transferred from ZnO to BVO, consistent with the fact
that electrons in ZnOwith the higher CB edge tend tomigrate to
BVO with the lower CB edge, until the Fermi levels are
equalized, creating a space charge region with an internal electric
field, which facilitates the electron−hole separation under PEC
conditions. To understand further the photocatalytic effects of
BVO/ZnO, BVO, and ZnO, the bottom panels of Figures 4a−c
presents the in situ Zn, Bi L3-, V L3,2-, and O K edge XANES
spectra in the dark and under illumination, respectively. No
significant spectral differences are observed for BVO/ZnO,
BVO, or ZnO, between dark and illuminated conditions,
suggesting that the applied bias is essential for driving the
PEC activity in BVO/ZnO.
The above discussion suggests that the charge transfer

between (core) ZnO and (shell) BVO of BVO/ZnO is strongly
associated with an increase in the number of unoccupied O 2p-
derived states with the number of oxygen defects at the interface
of the core−shell BVO/ZnO heterojunction. Hence, the core−
shell BVO/ZnO heterojunction must be spatially in three
regions−the shell BVO, the core ZnO, and the core−shell
interface using spatially resolved STXM-XANES at the O K
edge. Figure 5a displays an optical density (OD) image of the
core−shell BVO/ZnO heterojunction that was obtained with an
incident photon energy of 531.0 eV. Figure 5a presents two
regions, one bright (left part) and one dark (right part) because
the OD in the bright region has higher photon absorption than
in the dark region at an incident photon of 531.0 eV. The
prominent feature (A1) at ∼531.0 eV in the O K edge XANES
spectra of BVO/ZnO and BVO, shown in Figure 4c, is primarily
associated with the hybridization of O 2p−V 3d; no absorption
feature at ∼531.0 eV is observed in the corresponding spectrum
of ZnO. In Figure 5a, the bright region (high OD at 531.0 eV) is

Figure 5. (a) OD image at an incident photon energy of 531.0 eV and (b) STXM stack mapping at the O K edge in BVO/ZnO. The left (right) side of
the white circle shows BVO (ZnO), and the red circle indicates the interface region of BVO/ZnO. (c) Corresponding O K edge STXM-XANES
spectra of the interface region of BVO/ZnO, BVO, and ZnO. The lower panel presents the difference spectra between the interface and BVO (ZnO).
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mostly associated with the hybridized O 2p−V 3d of shell BVO
and the dark region (low OD at 531.0 eV) is related to the core
ZnO in core−shell BVO/ZnO. Therefore, the bright region (left
part) and dark region (right part) of the OD image in the core−
shell BVO/ZnO are identified as shell BVO and core ZnO,
respectively. Figure 5b,c presents a spatially resolved O K edge
STXM stack mapping (in the same region as the OD image) and
the corresponding O K edge STXM-XANES spectra of the
core−shell BVO/ZnO heterojunction, respectively. The stack
mappings comprise green (left, shell BVO) and blue (right, core
ZnO) regions, which correspond to different spectroscopic
variations of the samples. The O K edge STXM-XANES spectra
of core−shell BVO/ZnO include the strong spectral feature
(A*) of the hybridized O 2p−V 3d states at ∼531.0 eV in shell-
BVO and no such feature is observed in core-ZnO, as expected,
because the green and blue regions are principally associated
with shell BVO and core ZnO, respectively. These results are
consistent with the OD results that were discussed above. The
circles that are marked in red in Figure 5b are attributed to the
core−shell interface regions, and Figure 5c presents the mean of
three corresponding O K edge STXM-XANES spectra. The
intensity of the features of the hybridized O 2p−V 3d at ∼531.0
eV in the interface region is lower than that in the BVO region,
indicating that fewer hybridized O 2p−V 3d states are present at
the core−shell interface than in the shell BVO. This difference
arises from the reduction in the 10Dq crystal field and strong
distortion of the tetrahedral structure of VO4 with large oxygen
defects/dangling bonds at the core−shell interface, as shown in
Figure 4b. This phenomenon also involves charge transfer
effects. As shown in Figure 5c, the main feature (central feature,
B*) at ∼534−550 eV in the O K edge STXM-XANES spectrum
of each region (shell BVO, core ZnO, and interface) involves the
unpaired/dangling O 2p-derived states. The main feature of the
interface region is the most intense, suggesting that the number
of unpaired/dangling O 2p-derived states in the interface
regions significantly exceeds those in the shell BVO and core
ZnO regions. This difference arises from an increase in the
number of oxygen defects/dangling bonds in the interface
regions of the core−shell BVO/ZnO. The O K edge STXM-

XANES difference spectra of the core−shell BVO/ZnO
heterojunction between the interface and shell BVO (core
ZnO) is denoted Interface-BVO (Interface-ZnO) and shown at
the bottom panel of Figure 5c. The feature that is associated with
the hybridization of O 2p−V 3d at ∼531 eV is negative in
Interface-BVO and positive in Interface-ZnO, indicating the
lower (higher) intensity of O 2p-derived states at the interface
than in shell BVO (core ZnO). No absorption feature at ∼531
eV is present in the O K edge STXM-XANES spectrum of core
ZnO (Figure 5c) because of the absence of the hybridized O
2p−V 3d, causing the intensity of the O 2p−V 3d hybridized
states in the interface of core−shell BVO/ZnO to be higher than
that in the core ZnO. However, the lower intensity of feature O
2p−V 3d at the interface than in the shell-BVO region indicates
that fewer O 2p unoccupied states are present in the interface
than in the shell BVO. This further reveals that fewer O 2p
unoccupied states are present in the hybridized O 2p−V 3d at
the interface of core−shell BVO/ZnO than in the shell BVO,
owing to a greater distortion of VO4 as a result of an increase in
the number of oxygen defects/dangling bonds at the interface.
The increase in distortion of the VO4 tetrahedra is suggested to
influence the density of O 2p-derived states49 and to improve the
separation of electrons at the interface of the core−shell BVO/
ZnO heterojunction.51,52 Furthermore, the main features at
∼534−550 eV in both Interface-BVO and Interface-ZnO are
positive, as shown in the bottom panel of Figure 5c, suggesting
that the higher intensity of the main feature in the core−shell
interface is related to both shell BVO and core ZnO regions in
the core−shell BVO/ZnO. This evidence demonstrates that a
large number of unpaired/dangling O 2p-derived states above/
at the Fermi level at the interface of the core−shell BVO/ZnO
arise from an increase in the number of oxygen defects at the
interface.
Figure 6 presents the details of the determination of the band

gaps of BVO/ZnO, BVO, and ZnO using various X-ray
spectroscopic techniques. The XES at O Kα with excitation of
563.4 eV (upper left inset) is bulk-sensitive, the general line
shape of BVO/ZnO reveals a difference at emission energies of
525−519 eV and its feature also exhibits a slight energy shift to a

Figure 6. O K edge XANES and VB-PES spectra of BVO/ZnO, BVO, and ZnO. The upper left inset displays normalized XES spectra at O Kα with
excitation of 563.4 eV. The upper right inset shows the relative band gap obtained from the O K edge XANES and VB-PES spectra.
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lower energy (∼0.2 eV) than BVO; however, the general line
shape and position do not differ substantially between BVO/
ZnO and ZnO because the thin shell of BVO does not
contribute significantly to the O Kα XES due to the strong
fluorescence intensity. Therefore, core ZnO plays a major role in
contributing to OKα emission of BVO/ZnO. The left-hand side
of Figure 6 presents the VB-PES spectra of BVO/ZnO, BVO,
and ZnO. These spectra are surface-sensitive so the features
obtained from BVO/ZnO differ from those obtained from bare
ZnO and BVO. The broad main feature (∼−3 to −7 eV) and
small bump-like feature E1 (∼−1.3 eV) in the spectrum of the
BVO sample are dominated by the O 2p occupied states and the
hybridization between O 2p and Bi 6s states below the Fermi
level, respectively.49,53 The main feature E2 in the spectrum of
ZnO is attributed to the O 2p occupied state.46 The weaker
intensity of feature E1 for BVO/ZnO is associated with the
distortion of the dodecahedral structure of the Bi and O atoms
relative to that in BVO.49,53 According to the experimental and
theoretical studies,49,54 theO 2p states dominate near/below the
Fermi level in BVO and ZnO, and the hybridization of O 2p−V
3d (O 2p−Zn 3d/4sp) states contributes mostly to states near/
above the Fermi level in BVO (ZnO). The relative band gap has
been determined from the VB-PES (left-hand side of Figure 6)
and O K edge XANES spectra (right-hand side of Figure 6) of
BVO/ZnO, BVO, and ZnO, to understand the evolution of
electron structures of the relative band gap close to the Fermi
level, like SrFeO3−δ.

55 The upper right-hand panel in Figure 6
presents magnified views of the VB-PES and O K edge XANES
spectra (in the dark) near/at the Fermi level, which is
extrapolated to the baselines to yield the VB maximum (EVBM)
and CBminimum (ECBM),

32,55 respectively. The band gap of 2.4
± 0.1 eV in bare BVO and 3.3± 0.1 eV in bare ZnO is taken from

the previous literature.53,54 In the core−shell BVO/ZnO
heterojunction, the band gap was 2.6 ± 0.1 eV, between that
of bare BVO and that of bare ZnO, when BVO was coated on
nanodendritic ZnO. The differences between EVBM (ECBM) of
core−shell BVO/ZnO and those of BVO and ZnO arise from
the band of interfacial defects, which form as the number of
oxygen defects at the interface of the core−shell heterojunction
increases. The defect states act as trapping centers, probably
capturing the photoelectrons, retarding recombination, and
leading to a high probability of charge transfer from BVO to
ZnO under bias and PEC conditions.
Based on the above experimental results, a mechanism is

proposed, shown schematically in Figure 7. It depicts the charge
transport in a core−shell BVO/ZnO heterojunction for
improving PEC water splitting. As shown in Figure 7a, the
band gaps of ZnO and BVO are approximately 3.3 and 2.4 eV,
respectively, before they come into contact. After they come into
contact, electrons tend to flow from ZnO to BVO because ZnO
is at a higher CB edge than BVO, producing a more positively
(charged) region in ZnO and a more negatively (charged)
region in BVO. This process generates an internal electric field
until the Fermi levels are equalized. In the equilibrium state, a
Type-I aligned n−n junction is formed. Considering that the
electron affinities of ZnO and BVO are ∼4.5 and ∼5.2 eV,
respectively, and taking the band gap into account, the
discontinuities in the CBs χ χΔ = | − | =E( 0.7 eV)C ZnO BVO
and VBs χ χΔ = | + − − | =E E E( 0.2 eV)V ZnO g,ZnO BVO g,BVO

of ZnO and BVO in the interfacial region can be approximately
estimated,48,56 based on the model that accounts for the
discontinuous band edges at the interface proposed by
Anderson.57 The band bending that occurs as the heterojunction

Figure 7. (a) Band diagrams of the BVO/ZnO heterojunction before contact (upper left), after contact (upper middle), and in equilibrium (upper
right). An internal electric field in the n−n junction is generated by band bending (with equal Fermi levels in shell-BVO and core-ZnO) in an
equilibrium state. (b) Schematic mechanism of photoelectron and hole transfer under the solar light, without bias (lower left) and with bias (lower
middle). The accumulated electrons are caused by the defect states in the condition band near/at the interface of BVO/ZnO to reduce the electron−
hole recombination and improve charge transfer under external bias. Pictorial view of the BVO/ZnO heterojunction on FTO (lower right).
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formed favored the transfer of photoinduced charge carriers.
Figure 7b shows the equilibrium state under illumination by
solar light. However, the photocatalytic ability of this BVO/ZnO
is limited by the n−n junction because the energy barriers
obstruct the transfer of photoelectrons from BVO to ZnO. This
occurrence may explain why no significant spectral differences
are observed for BVO/ZnO, BVO, or ZnO, between dark and
illuminated conditions, as presented in Figure 4a−c. As
discussed above, the generated defect states near the interface
can act as trapping centers, capturing the photoelectrons with
the formation of a core−shell BVO/ZnO heterojunction, as
revealed by defect emissions of the PL in Figure 2b, inhibiting
the recombination of charge carriers. Under the PEC condition,
the photogenerated hole is expected to transfer from ZnO to
BVO, while the photoexcited electrons may accumulate in the
interfacial region. Some energetic electrons excited in the
interface may overcome the barrier and migrate to the ZnO
under the influence of an internal field and work together with
the electrons that were excited within the ZnO. The excited
electrons from BVO are likely to accumulate in the interfacial
region, and the charge transfer is prohibited as a result of the
energy barrier. The applied bias is then expected to boost the
migration of electrons from BVO to ZnO.58,59 Alternatively,
Kronawitter et al. observed the unexpected carrier transfer
dynamics in core/shell Fe2O3/WO3 nanorods from ultrafast
transient absorption spectroscopy, revealing the quantum
mechanical tunneling mechanism for hole injection from
Fe2O3 toward WO3 with an energy barrier of 0.5 eV.60

Furthermore, a straddle band edge formed in the interface of
Fe2O3/TiO2 nanorods, which is expected to block carrier
transfer from Fe2O3 to TiO2 owing to the energy barrier of 0.6
eV.61 However, the charge carriers extracted from Fe2O3 to TiO2
were evidenced and responsible for the enhanced PEC activity.
Thus, quantum tunneling is also a likely cause for the
enhancement of PEC ability of BVO/ZnO in which the
photoexcited electrons can efficiently transfer from BVO to
ZnO, under the PEC condition, despite the 0.7 eV energy
barrier. Furthermore, as revealed by XRD, significant anisotropy
is observed in core-ZnO in BVO/ZnO, favoring the flow of
electrons through the core-ZnO under bias; the holes in shell-
BVO favor PEC performance.

■ CONCLUSIONS
The mechanism and origin of the enhancement of PEC
properties that occurs when a core−shell BVO layer is coated
onto ZnO nanodendrites were investigated using various X-ray
spectroscopic and microscopic techniques. The core−shell
BVO/ZnO heterojunction was characterized by SEM, TEM,
XRD, and PL. HR-TEM images reveal defects in the interface
regions of the core−shell BVO/ZnO heterojunction. EXAFS
spectra provide evidence of many oxygen defects and large
distortions of VO4 (tetrahedral) and BiO8 (dodecahedral) in the
core−shell BVO/ZnO. The spatially resolved STXM-XANES
results further show charge redistribution between V 3d and Zn
3d/4sp that arises due to an increase in the number of oxygen
defects and the many unpaired O 2p-derived states in the
interfacial core−shell BVO/ZnO. The hybridization of O 2p−V
3d in core−shell BVO/ZnO with the suppression of 10Dq ∼2.1
eV is related to the large distortions of the VO4 tetrahedra by the
many oxygen defects in the interface. The interfacial band gap
(∼2.6 eV) with the many oxygen defects in the interface of
core−shell BVO/ZnO improves the efficiency of solar light
absorption and electron−hole separation, favoring PEC

efficiency. These results support the claim that the PEC
properties of BVO/ZnO can be improved by the strong charge
transfer, efficient electron−hole separation, and the light-
harvesting associated with an increase in the number of oxygen
defects at the interface of a core−shell BVO/ZnO hetero-
junction. These insights gained from the atomic and electronic
structures of core−shell BVO/ZnO nanodendrites may support
the fabrication of semiconductor heterojunctions that maximize
solar light utilization for high PEC activity.

■ EXPERIMENTAL SECTION
Nanostructured BVO and ZnO films were synthesized on seeded FTO
substrates by the chemical bath deposition process in aqueous Zn-
acetate and hexamethylenetetramine at 95 °C for 3 h. The
nanostructured thin films of BVO/FTO and ZnO/FTO nanodendrites
are referred to as BVO and ZnO, respectively, hereafter. The
nanostructured core−shell heterojunction that was fabricated by
coating BVO onto the surface of ZnO nanodendrites is referred to as
BVO/ZnO, as mentioned above. Details of sample preparation and
characterizations, including the determination of PEC properties, can
be found elsewhere.13 The properties of BVO and ZnO were also
examined by considering as the references. The surface morphology
and thickness of these thin films were investigated by SEM and TEM.
Their crystalline structures were characterized by XRD measurements
using an in-house X-ray diffractometer with a Cu Kα radiation source.
All XANES and EXAFS spectra were obtained at beamlines (BL) of the
Taiwan Light Source (TLS) and the Taiwan Photon Source (TPS) at
the National Synchrotron Radiation Research Center in Hsinchu,
Taiwan. The EXAFS spectra of V and Zn K edge were obtained at TLS-
BL16A and TLS-BL 17C, respectively, in bulk-sensitive TFY mode. Bi
L3 edge XANES and EXAFS spectra were obtained at TPS-BL44A in
TFY mode. Zn L3-, V L3,2-, and O K edge XANES were obtained at
TLS-BL 20A in surface-sensitive TEY mode, and Zn L3 edge XANES
was also obtained in TFYmode to differentiate between the surface and
bulk contributions in spectra. O Kα XES was carried out at TPS-BL
45A2 with a high-resolution variable line spacing grating spectrom-
eter.62 In situ illuminated XANES spectra were obtained with
irradiation by an AM 1.5 sunlight simulator that was based on a 500
W Xe lamp. VB-PES spectra were obtained at TLS-BL 09A using a
hemispherical analyzer to collect the photoelectrons, and the energy of
the incident photons was set to 385.0 eV. The energy of the VB-PES
spectra was calibrated using the Fermi level of a clean gold metal. The
zero energy refers to the VBmaximum (EVBM), which is the threshold of
the emission spectrum. STXM-XANES spectra at the O K edge were
obtained at the 4U beamline of the Ultra-Violet Synchrotron Orbital
Radiation facility of the Institute for Molecular Science, Okazaki, Japan.
In the STXM mapping measurements, a monochromatic X-ray beam
was focused using a Fresnel zone plate to an ∼30 nm spot on the
samples, which were raster-scanned with the synchronized detection of
transmitted X-rays to generate a sequence of images (stacks) over the
range of photon energies of interest. The transmitted beam intensities
were measured at the image pixels. More details concerning STXM
measurements and analysis are available elsewhere.31,32 The STXM
data were obtained by principal component analysis by clustering using
the aXis2000 program (free for noncommercial use at http://unicorn.
mcmaster.ca/aXis2000.html) and PCA_GUI (freeware from http://
www.xray1.physics.sunysb.edu/data/software.php).
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