
German Edition: DOI: 10.1002/ange.201504135Photocatalysis
International Edition: DOI: 10.1002/anie.201504135

Direct Imaging of Highly Anisotropic Photogenerated Charge
Separations on Different Facets of a Single BiVO4 Photocatalyst**
Jian Zhu, Fengtao Fan, Ruotian Chen, Hongyu An, Zhaochi Feng, and Can Li*

Abstract: Spatially resolved surface photovoltage spectrosco-
py (SRSPS) was employed to obtain direct evidence for highly
anisotropic photogenerated charge separation on different
facets of a single BiVO4 photocatalyst. Through the controlled
synthesis of a single crystal with preferentially exposed {010}
facets, highly anisotropic photogenerated hole transfer to the
{011} facet of single BiVO4 crystals was observed. The surface
photovoltage signal intensity on the {011} facet was 70 times
stronger than that on the {010} facets. The influence of the built-
in electric field in the space charge region of different facets on
the anisotropic photoinduced charge transfer in a single semi-
conductor crystal is revealed.

Photoinduced charge separation on the nano- to micrometer
scale, with varying lifetimes, constitutes the key component of
solar energy conversion devices.[1, 2] Advancing these devices
towards high light-to-energy conversion efficiencies requires
an understanding of the photoinduced charge-transfer pro-
cess and spatial separation at the nanoscale.[3–5] In recent
years, the engineering of semiconductor-based photocatalysts
with controlled morphology and preferentially exposed facets
has proved an efficient way of improving photocatalytic
activity.[6–11] In experiments with fluorescent and chemical
probe molecules, it was found that probe molecules are
selectively reduced or oxidized on certain facets of single TiO2

crystals.[12,13] It was also found that reduction and oxidation
cocatalysts can be selectively deposited on different facets of
BiVO4 crystals. Moreover, the resulting catalysts show much
higher photocatalytic activity than those with cocatalysts
randomly deposited on BiVO4.

[14] Therefore, it is proposed
that preferred migration of photogenerated holes and elec-

trons to specific crystal facets can lead to charge separation
and result in higher photocatalytic activity.

However, facet-specific charge transfer may not be the
sole cause of the improved photocatalytic activity. Using
aqueous-phase atomic force microscopy (AFM), Mul et al.
showed that the photodeposition of Pt nanoparticles on
platelike WO3 crystals occurs preferentially on the small,
subordinate facets with intrinsic surface charges rather than
photogenerated charges.[15] Obviously, despite these efforts to
understand the role different facets play in photocatalysis, the
intrinsic causes that lead to the different chemical/physical
properties of different active sites/facets are quite ambiguous.
To date, no direct evidence for anisotropic photoinduced
charge transfer on the surface of these semiconductor single
crystals has been reported. Here, we report the application of
spatially resolved surface photovoltage spectroscopy
(SRSPS) to obtain direct evidence of highly anisotropic
photogenerated charge separation on different facets of
a single BiVO4 photocatalyst. Highly anisotropic photo-
induced hole distribution is observed in single BiVO4 crystals
with preferentially exposed {010} facets, and the surface
photovoltage (SPV) signal intensity on the {011} facet is 70
times stronger than that on the {010} facet.

Figure 1a,b show SEM images of the single BiVO4 crystal
growth on fluorine-doped tin oxide (FTO) substrates synthe-
sized with different preferential ramp rates of 2.25 and
1.50 K min¢1 as described in Figure S1 in the Supporting
Information). As shown in the SEM images, each sample of
BiVO4 is crystallized in a highly isolated manner such that all
crystals have nearly the same size and morphology. All the
particles exhibit a truncated tetragonal bipyramid shape
between the top and side facets. The slower ramp rate of
1.50 K min¢1 results in crystals approximately 8 mm in size
with a flatter morphology, whereas 2.25 Kmin¢1 ramp rate

Figure 1. a, b) SEM images of single m-BiVO4 crystals with different
morphologies synthesized on FTO substrate. The morphology was
altered by changing the ramp rates during hydrothermal synthesis
from 298 K to 433 K. The m-BiVO4 crystal in (a) and (b) are denoted
BV01 and BV02, respectively.
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results in crystals of approximately 5 mm. For brevity, crystals
synthesized with ramp rates of 2.25 and 1.50 K min¢1 are
noted as BV01 and BV02, respectively. These crystals were
further examined by Raman spectroscopy and HRTEM as
shown in Figure S1. The results suggested that these crystals
are highly crystallized monoclinic bismuth vanadate crystals
with the top facet along {010} and the side facets along {110}
and {011}.[16]

Kelvin probe force microscopy (KPFM) enables the study
of the real surface of a semiconductor photocatalyst because it
can operate at ambient pressure, temperature and humid-
ity.[5, 17–20] Figure 2a,b show the topology and KPFM images of
a single BV01 crystal. Surprisingly, the surface potential
images of BV01 show potential diversity within one single
crystal. As the KPFM image provides the contact potential
difference (CPD) between the tip and the sample, the fact
that the {010} facet appears darker on the color scale indicates
that this facet has a more negative surface potential. In
contrast, the brighter images of the {011} facets indicate that
this facet has a more positive surface potential. Hudlet et al.
demonstrated that, for a semiconductor surface, the measured
CPD is related to the surface potential, which differs from the
bulk work function of the semiconductor materials, due to the
space charge region (SCR) near the semiconductor surface.[17]

Thus, the different surface potentials of the two facets indicate
that the two facets have different SCRs beneath the surfaces,
although they share the same bulk Fermi levels. Upon
irradiation with UV-LED, the KPFM image of BiVO4

becomes brighter indicating increased surface potentials

(Figure 2c,d). The changes in surface potential clearly reflect
that the charge balance in the SCRs beneath the two facets
undergoes a significant change. The increased surface poten-
tials suggest that the two facets have an upward band bending
in the SCRs. Upon light excitation, photogenerated holes will
be pulled out to the surface of a semiconductor, and the
electron will flow into the SCRs beneath the facets. The
redistributed charges lead to the potential increase across the
SCR and hence the surface potentials.

According to the KPFM results, the surface potentials of
the {011} and {010} facets differ from each other. However, it
is interesting to note that, although the surface potential is
restored to its original state after cutting off the excitation
light, it takes at least 1 min to reach the previous dark state, as
shown in Figure 2 e. Figure 2 f shows steady-state spatially
resolved SPV spectra of the {010} and {011} facets and shows
that the DCPD decreases slightly with decreased photo-
excitation energy. Nonetheless, no significant decreases are
observed around the band gap at 2.4 eV.

It has been proposed that the time required to reach the
steady-state distribution depends on the thermal cross-
sections and varies over many orders of magnitude.[20] Based
on whether the charge in the surface states follows the
chopped illumination, Bardeen and Brattain classified the
SPV signal into fast and slow states.[20] Recently, Stutzmann
et al. assigned the slow states to localized defect states close to
the semiconductor surface.[21] Obviously, the trapping or
recombination of the photogenerated charges within these
unwanted defects will not take part in the photocatalytic

Figure 2. a–c) Topography and KPFM images of single BiVO4 crystals on FTO substrates in the dark (b) and under irradiation with a UV-LED (c).
d) Cross-sections of the surface potential images in (b) and (c), respectively. The brighter area indicates lower surface work function and higher
surface potential. e) Plot of the surface potential as a function of decay time after cutting off the excitation light (450 nm). Insert: decay of surface
potential within 1 s. The solid line is a guide the eye without mathematical fitting. f) Steady-state SPV spectroscopy of the {010} and {011} facets.
The spectra were obtained by plotting DCPD (subtracting dark CPD from photoexcited CPD) as a function of the excitation photon energy.
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surface reactions with millisecond time constant.[21] For the
present case, our results indicate that the decay of the CPD
undergoes at least two processes, one on hundred millisecond
scale and another on minute scale.

A powerful technique to extract this information is to
measure SPV with chopped light, denoted as transient SPV.
By using modulated light and transient signals acquired by
a lock-in amplifier, the slow component can be filtered to
isolate the fast component in the SPV spectra.[22] Moreover,
the electronic states upon illumination can be well resolved
with tunable wavelength. Thus, by combining the KPFM and
transient SPV techniques, we were able to obtain detailed
information on the optoelectronic properties of the sample at
the nanometer scale.[23]

A home-built SRSPS spectrometer was employed to study
the “actual” photoinduced charge separation on a single
BiVO4 crystal at the nanoscale (see Figure S2 for more
details). Figure 3a shows KPFM data with a 10 Hz chopped
excitation light from a Xenon lamp centered at 395 nm.
KPFM with chopped light shows stripes with alternating light
and dark signals (Figure 3b). These varying CPD signals are
due to the photogenerated charges with chopped light. The
stripes are found over the entire particle. The result confirms
that the whole particle is irradiated by the chopped light. It is
interesting to note that the contrast of the stripes is much
more pronounced on the {011} facets. Figure 3 c,d show the
spatially resolved SPV spectra plotted against phase and
amplitude on different facets of a single BiVO4 crystal. For all
the spatially resolved SPV spectra, the phase lags between the

excitation signal and the obtained CPD signal in Figure 3c are
approximately 12088 when the incident energy is larger than
the band-gap energy (2.4 eV). The featured phase lags are the
typical response of n-type semiconductors. All the spectra
show an SPV response at photoexcitation energy greater than
2.4 eV, which is super-band excitation SPV. As expected
based on the modulated KPFM image, the SPV measured on
the side {011} facet (P1, P2) is a much more intense than that
on the top {010} facet (P3, P4). The SPV signal on the {011}
facet calculated at 3.0 eV is to be 2.5 times more intense than
that on the {010} facet. The intense SPV signal on {011} facets
coupled with the phase signal indicates that the photoinduced
holes for this n-type BiVO4 crystal are being transferred from
the bulk to the {011} surface.

The much more intense SPV signal with chopped light on
the {011} facet suggests that this facet is preferred for the
accumulation of photogenerated holes although the two
facets of a single BiVO4 crystal share the same interface
with the FTO substrate. The present results suggest that the
built-in electric field caused by the surface band bending in
the SCR of {011} facet is much stronger than {010} facet.
However, as indicated by theoretical calculations in the
literatures, the mobility difference of charge carriers between
the different facets should also be considered.[24]

Because previous results suggest that the morphology of
BiVO4 crystals may influence their photocatalytic perfor-
mance,[16] BiVO4 crystals (BV02) with preferentially exposed
{010} facets were examined by SRSPS. Figure 4a shows the
topology image of BiVO4 BV02 crystals. Two spots on the

surface of a single BiVO4 crystal, one
on the side {011} facet (P1) and
another on the top {010} facet (P2),
were selected to record the SPV
signals, as shown in Figure 4b. The
SPV signal on the {011} facet calcu-
lated at 3.0 eV is 70 times more
intense than that on the {010} facet.
This signal is approximately 30 times
higher than that of BV01. In addition,
it should be noted that there is nearly
no SPV signal on the {010} facet of
BV02. Obviously, the result suggests
that BV02 presents highly anisotropic
charge distributions when excited
with light, as shown schematically in
Figure 4 c. The present results further
reveal that BiVO4 crystals with pref-
erentially exposed {010} facets show
bigger difference in the strength of
the built-in electric field between the
two facets than is the case for BV01
crystals (shown in Figure 4d).

Single-particle fluorescence mi-
croscopy[25] was used to determine
whether these photoinduced holes
can participate in the photooxidation
(Figure S3). The bright fluorescence
features on the {011} facets BV01 and
BV02 further demonstrated that the

Figure 3. a) KPFM of a single BiVO4 particle (BV01) irradiated with a 10 Hz chopped light from
a xenon lamp with scattered light at 395 nm. Inset: selected area. b) Cross-section of the selected
area (white square) in (a). c) Spatially resolved SPV phase spectra and d) spatially resolved SPV
amplitude spectra at the nanoscale level obtained at different locations of a single BiVO4 crystal, as
labeled (a).
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anisotropic photogenerated hole transfer observed by SRSPS
on the {011} facet can oxidize probe molecules.

In summary, spatially resolved surface photovoltage
spectroscopy was employed to obtain direct evidence for
anisotropic photoinduced charge transfer between different
facets of a single semiconductor crystal. Morphology plays
a key role for the anisotropic charge distributions of different
facets of single BiVO4 crystals. Highly anisotropic photo-
induced hole distribution is observed for single BiVO4 crystals
with preferentially exposed {010} facets, and the SPV signal
intensity on the {011} facet is 70 times stronger than that on
the {010} facet. The influence of the built-in electric field in
SCR of different facets on the anisotropic photoinduced
charge transfer in a single semiconductor crystal is revealed.
The result provides insight into the nature of photogenerated
charge separation in a single semiconductor photocatalyst
particle and provides an exciting opportunity to optimize the
performance of solar energy conversion devices by utilizing
the anisotropic charge-transfer properties of single-crystal
semiconductors.

Keywords: charge carrier injection · charge separation ·
crystal engineering · imaging · photocatalysis
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Figure 4. a) Topology image of a single BiVO4 crystal (BV02). b) Spatially resolved SPV
spectra obtained at different locations on a single BiVO4 crystal (BV02) as labeled in (a). The
thick solid and dashed lines were obtained on the {011} facet (P1) and the {010} facet (P2)
as labeled in (a), respectively. The thinner solid and dashed lines were obtained on the {011}
and {010} facets of BV01 extracted from Figure 3d. c) Schematic of the anisotropic charge
distributions on a single BiVO4 photocatalyst with different morphologies. d) Schematic of
the built-in electric field with relative strength in the SCR of different facets.
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