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1. Introduction

Photocatalytic water splitting using semiconductor par-
ticles offers the potential for the cost-effective and large-scale
production of solar fuel.[1] However, no process has been
commercialized because the conversion of light into fuel
remains inefficient. Designing efficient photocatalysts has
been hindered by the limited understanding of how the
photocatalytic process occurs. This process is highly complex,
since it involves intricate light harvesting, charge separation,
and catalytic processes, which bridge multiple time and length
scales.[2] In particular, the charge-separation process occurs
over a wide time range as it concatenates photoexcitation
(within femtoseconds) and surface reactions (over milli-
seconds to seconds) and requires energy to be delivered in
a nanoscale space (Figure 1 a). The multiple charge-separa-
tion, transfer, and recombination pathways further exacer-
bate the complexity. These complexities render the efficient
separation and transfer of photogenerated charges a formida-
ble challenge. Figure 1b exemplifies the influence of surface-
reaching photogenerated charges and surface reaction bar-
riers on the photocatalytic activity of the oxygen evolution
reaction on a representative TiO2 photocatalyst.[3] Computing
the turnover frequency (TOF) by microkinetic modeling
shows that a reduction in the reaction barriers does not have
a significant effect on the TOF at typical experimental values
of the surface charge concentration (10�9 in units of mono-
layer (ML)), whereas the TOF would be dramatically
enhanced by five orders of magnitude if photogenerated
charges were always available. These results indicate that the
main obstacle to the photocatalytic conversion of energy is
the low concentration of surface photogenerated charges. By
employing photoinduced absorption spectroscopy in conjunc-
tion with rate-law analysis, it was also revealed that the
surface-charge concentration determines the reaction rate of
the photocatalytic oxidation of water.[4] These research efforts
have led to the recognition of the crucial role played by
charge separation in determining the solar energy conversion
efficiency.

Therefore, it is essential to understand the charge-
separation mechanism in photocatalysis and to use this
knowledge to design efficient photocatalysts.[5] From physics
considerations, the photogenerated charges can be separated

by diverse driving forces, including a built-in electric field,
diffusion, and trapping.[6] However, these driving forces rely
significantly on the nanoscale structures of the photocatalysts,
which show ubiquitous heterogeneity in terms of composition,
phase, size, morphology, facets, interfaces, and defects.[7] The
spatial heterogeneities often give rise to complicated charge-
transfer behaviors even in a single photocatalyst particle,[8]

which makes the in-depth understanding of the charge-
transfer mechanism remain, in most cases, a pipe dream.

To address the crucial challenges that arise from low
concentrations of surface charges and spatial heterogeneity,
the spatially resolved surface photovoltage (SRSPV) tech-
nique with its high energy (lower than 5 mV) and spatial
resolution (ca. 10 nm) was recently developed and exploited
to examine the charge-separation mechanism in photocata-
lysis.[9] This technique employs a nanosized conducting tip to
measure the local surface photovoltage (SPV) by extracting
changes in the photoinduced surface potential (VDC) by the
Kelvin probe method[6, 10] and uses an external lock-in
amplifier to improve sensitivity (Figure 2). Derived from
the Poisson equation with the center-of-charge approach, the
magnitude of the SPV is proportional to both the separated-
charge density and charge-separation length, and the sign of
the SPV denotes the direction of the charge separation.[11]

Thus, the SRSPV signal is intimately related to the charge-
separation process at the nanoscale. By measuring the
spectral dependence or scanning over the surface of the
photocatalyst, the SRSPV technique has evolved into spa-
tially resolved surface photovoltage spectroscopy (SRSPS)
and surface photovoltage microscopy (SPVM). This versatile
technique can directly map the photogenerated charge
distribution on the surface of a single photocatalyst particle
and quantitatively determine the driving force of charge
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separation at the nanoscale, thus unveiling new prospects for
understanding the charge-separation mechanism in photo-
catalysis.

In this Review, we focus on recent progress made in using
the SRSPV technique to understand the charge-separation
processes in semiconductor photocatalysts. We discuss the
charge-separation mechanisms based on the built-in electric
field, diffusion, and trapping. Furthermore, we present new
insights gained from SRSPV to improve the driving forces for
efficient charge separation and advance the rational design of

photocatalysts a step closer to realization. We highlight the
importance of asymmetric and oriented driving forces in
separating photogenerated electrons and holes on the spa-
tially separated surface sites of the photocatalyst. Finally, we
offer an outlook on further improving the charge separation
by leveraging the insights and the further acquisition of
knowledge by advancing the imaging technique.
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Figure 1. a) An illustration of the complex photocatalytic processes over a time span of femtoseconds to seconds. CB: conduction band, VB:
valence band. b) Dependence of the TOF of the photocatalytic oxygen evolution reaction on the surface hole concentration (Ch

+) and water
dissociation barrier (Ea). Adapted from Ref. [3] with permission. Copyright 2018, Nature Publishing Group.
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2. Charge Separation through the Built-In Electric
Field

The built-in electric field is regarded as the most common
driving force for charge separation[12] and underlies the typical
strategies that have been developed in photocatalysis, includ-
ing heterojunction,[13] phase-junction,[14] and crystal-facet
engineering.[15] Although progress has been made using
these strategies, a thorough insight into how the built-in
electric field functions is required to guide the optimization of
photocatalytic systems. Advanced microscopy and spectros-
copy techniques are emerging that can be used to understand
the built-in electric field in photocatalytic systems. For
example, Kelvin probe force microscopy is an essential tool

for determining the electric-field distribution across an inter-
face or on a surface by mapping the potential profile at the
nanoscale.[16] As a result of Franz–Keldysh features caused by
electric fields, transient photoreflectance spectroscopy can
reveal information about the carrier dynamics in the electric
field.[17] However, these techniques barely establish how the
electric field dictates the spatial distribution and the concen-
tration of photogenerated charges on the photocatalyst
surface. This has, however, been enabled by SRSPV measure-
ments, thus bringing us a step closer to an in-depth under-
standing and the rational engineering of the built-in electric
field in photocatalysts.

SPVM has been used to map the distribution of photo-
generated charges on representative n-type BiVO4 and p-type
Cu2O single photocatalyst particles (Figure 3a,b).[18] The
SPVM images show that the photogenerated holes and
electrons are separated at the surfaces of BiVO4 and Cu2O,
respectively. This can be interpreted as charge separation
between the surface and bulk phase of the photocatalyst
through a built-in electric field in the surface space charge
region (SCR) as a result of a bending of the surface band of
the semiconductor photocatalyst; the bending is usually
upwards and downwards for n-type and p-type photocatalysts,
respectively. The visualization of the charge distribution
identifies the dominant role of the surface built-in electric
field in driving photogenerated minority carriers to the
surface and suggests a key obstacle that limits the photo-
catalytic efficiency. That is, the surface built-in electric field
surrounding the photocatalyst particle acts as a potential
barrier for the transfer of photogenerated majority carriers to
the surface, and the low concentration of surface-reaching
photogenerated majority carriers becomes a limiting factor of

Figure 2. Schematic diagram of the spatially resolved SPV technique.
The technique includes SPVM, which directly maps surface-charge
distribution, and SRSPS, which measures modulated SPV signals with
spectral dependence.

Figure 3. Charge separation by surface built-in electric fields in photocatalyst particles. a,b) SPVM images of a single BiVO4 (a) and Cu2O (b)
photocatalyst particle. Adapted from Ref. [18] with permission. Copyright 2017, Royal Society of Chemistry. c–e) Anisotropic charge separation in
a facet-engineered BiVO4 photocatalyst particle demonstrated by SPVM (c) and SRSPS (d), as well as a schematic illustration (e). Adapted from
Ref. [22] with permission. Copyright 2015, Wiley-VCH Verlag GmbH & Co. f–h) Aligned charge separation on a BiVO4 photocatalyst particle with
a spatially selective co-catalyst loading as demonstrated by SPVM (f) and SRSPS (g) as well as a schematic illustration (h). Adapted from Ref. [23]
with permission. Copyright 2017, American Chemical Society.
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the overall photocatalytic reaction rate. Coinciding with this,
a simulation of the carrier concentration revealed that the
surface concentration of majority carriers is two orders of
magnitude lower than that of minority carriers due to surface
band bending.[19] Moreover, the situation could actually be
worse as photogenerated majority carriers confined in the
bulk phase may accelerate recombination and photocorro-
sion.[20] In this context, effective charge separation refers to
creating photogenerated electrons and holes that are local-
ized on the spatially separated surface of the photocatalyst.
Therefore, the key to improving charge separation lies in
breaking the symmetric and core–shell-like surface barrier
induced by the surface built-in electric field, while creating
asymmetric driving forces.

Advances in anisotropic structure engineering of photo-
catalysts, notably in facet engineering,[15b] have resulted in an
exciting opportunity for asymmetric charge separation. The
rapid development of imaging techniques has enabled the
identification of facet-dependent photocatalytic processes.[21]

However, what sets the SRSPV technique apart is the ability
to quantitatively probe facet-dependent charge-separation
behavior.

By using the SRSPV technique, we identified anisotropic
charge separation in a single BiVO4 photocatalyst.[22] As
shown in the SPVM image in Figure 3 c, the photogenerated
holes are unevenly spread among different facets of the facet-
engineered BiVO4 particle, with a higher hole density on the
lateral {011} facets. SRSPS spectra were recorded from
different facets to quantify the anisotropy of the charge
separation (Figure 3d), which showed that the anisotropy
depends on the proportion of {010} and {011} facets. It was
revealed that the anisotropy is enhanced for BiVO4 particles
with a higher proportion of {010} facets and can be maximized
to exhibit a 70-fold stronger SPV signal on the {011} facets
than on the {010} facets. As a consequence of facet engineer-
ing, the photogenerated holes can be efficiently transferred to
the {011} facets via surface built-in electric fields, whereas the
photogenerated electrons can diffuse to the {010} facets
because the potential barrier of band bending for electron
transfer virtually disappears (shown schematically in Fig-
ure 3e). The results demonstrate that facet engineering
contributes to the spatial separation of electrons and holes
at surfaces by engineering anisotropic surface built-in electric
fields. This strategy can create anisotropic driving forces and,
thus, improve charge separation, and potentially widely
applicable to other photocatalyst materials.[15b]

Using the information gathered on the anisotropic charge
separation on different facets, MnOx co-catalysts were
selectively photodeposited onto the {011} facets of a single
BiVO4 photocatalyst in an asymmetric manner. After selec-
tive deposition of the co-catalyst, the photocatalytic activity
of water oxidation was significantly improved.[15a] To under-
stand the underlying mechanism, the SRSPV technique was
subsequently used to reveal the function of the co-catalyst,[23]

which is generally a requisite for achieving efficient photo-
catalytic performance.[24] Strikingly, SPVM showed that the
selective deposition of co-catalysts enables efficient spatial
separation of photogenerated holes and electrons, which are
distributed at the lateral {011} and top {010} facets, respec-

tively, in a clear-cut fashion (Figure 3 f). Furthermore, the
SRSPS spectra quantitatively showed that the asymmetric
deposition not only resulted in a significant enhancement of
the positive SPV signals of the {011} facets, but also in an
inverted sign of the SPV signals of the {010} facets (Fig-
ure 3g). The results indicated that the vectors of the built-in
electric fields of the different facets are changed from
counteraction to alignment. Thus, the photogenerated holes
and electrons were separated between the {011} and {010}
facets by the aligned built-in electric field (Figure 3h). By
further selectively depositing Pt nanoparticles onto the {010}
facets, the SPV signals of both facets with opposite signs
increased, thus indicating that both hole transfer to the {011}
facets and electron transfer to the {010} facets were promoted.
After the asymmetric assembly of co-catalysts, a 2.5 kVcm�1

built-in electric field was evaluated and oriented from the
{010} facet to the {011} facet throughout the entire photo-
catalyst particle, thereby driving efficient charge separation.

The results undoubtedly extend our understanding of the
role of co-catalysts beyond the catalytic function and pave the
way for improved charge separation by rational assembly of
co-catalysts—the ability to map charge distribution on a nano-
scale and to quantify the driving force of charge separation is
a significant step forward. In general, this strategy is not
restricted to photocatalysts with anisotropic facets. However,
it does pose the challenge of achieving spatially selective co-
catalyst deposition on photocatalysts, in most cases, without
marked facet selectivity.[25] In the case of photocatalysts with
symmetric facets, in particular, electrons and holes tend to
reach the same surface sites within a given facet.[7b] Never-
theless, this study underpins the significant importance of the
asymmetric and oriented built-in electric field to enhance
charge separation.

In addition to directly tuning the symmetry of the surface
built-in electric field through facet engineering or the
asymmetric assembly of co-catalysts, an alternative method
is to construct another directional electric field buried
beneath the surface built-in electric field that can provide
a driving force for photogenerated charges to overcome the
surface barrier. The fabrication of phase junctions has proven
to be a suitable alternative to generate a directional built-in
electric field across the buried interface between different
phases.

As an excellent model system, the TiO2 phase junction,
composed of anatase and rutile phases, has been the subject of
intensive research.[14a] Although it is widely accepted that the
difference between energy bands in the different phases of
TiO2 might be the driving force that controls the charge
transfer, there is debate about the charge-transfer direction
and degree of energy band alignment.[26] By probing the
potential profile across a well-defined TiO2 phase junction,[27]

we found a directional built-in electric field of up to 1 kV cm�1

from rutile to anatase (Figure 4a). We then used SRSPS to
discriminate the charge separation between the pure and
mixed phases (Figure 4b). In contrast to the photogenerated
holes that are driven to the surface of the pure phase by
a surface built-in electric field, the photogenerated electrons
are transferred from the rutile to the anatase surface via
a directional built-in electric field in the phase junction
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(Figure 4c). Moreover, the charge separation in the phase
junction is dependent on the size of the anatase nanoparticles
and is maximized at a size of 300 nm, which coincides with the
depletion width in the SCR. The optimized phase junction
yielded an SPV signal that was six times stronger than that of
the pure phase (Figure 4 b). The quantitative data indicated
that the buried electric field at the phase junction dominates
charge separation and suggests that fabricating a junction is
a feasible strategy for achieving effective charge separation.

Detailed insights into the charge separation at the phase
junction promises to provide a strong basis for understanding
and further optimizing the built-in electric field in a buried
junction, which also includes heterojunctions. Although
SRSPV has also demonstrated charge separation in hetero-
junction photocatalysts,[28] challenges remain in precisely
controlling the interfacial structure related to the band
alignment, lattice matching, structural disorders, and inter-
facial defects.[29]

Distinct from charge separation in a conventional junc-
tion, a peculiar charge-separation phenomenon, known as the
bulk photovoltaic effect, has been manifested in noncentro-
symmetric (piezoelectric or ferroelectric) materials, without
the requirement for a junction or, hence, an interface.[30] This
effect originates from the asymmetric distribution of photo-

generated charge carriers in momentum space, caused by
a lack of symmetry in a transformation known as a spatial
inversion in crystal structures.[31] Owing to this effect,
a homogeneous ferroelectric material produces an anoma-
lously large photovoltage that exceeds its band gap energy in
solar cells,[32] thereby also attracting increasing attention in
the field of photocatalysis.[12b, 33] However, the charge-separa-
tion ability in ferroelectric photocatalyst nanoparticles is far
from theoretical expectations, and understanding the under-
lying mechanism is a prerequisite before their potential can
be realized.

Using single-domain PbTiO3 nanoparticles as a prototype,
we used the SRSPV method to establish the charge-separa-
tion mechanism in a ferroelectric photocatalyst.[34] We
mapped the charge distribution on the two polar facets of
single PbTiO3 particles and observed that the photogenerated
electrons and holes are separated at the positive and negative
polarization facets, respectively (Figure 4d). Interestingly, by
quantifying the charge separation between the two polar
facets and correlating it with the distance between them, we
discovered a positive and approximately linear correlation
(Figure 4e). This relationship is not expected from charge
separation induced by surface band bending and was, there-
fore, attributed to the bulk photovoltaic effect, which

Figure 4. a–c) Charge separation across a TiO2 phase junction. Potential distribution across a TiO2 phase junction (a) and SRSPS spectra
measured at pure (P1) and mixed phase (P2) regions with amplitude (b) and phase (c) modulations. The amplitude and phase spectra represent
the strength and direction of charge separation, respectively. Adapted from Ref. [27] with permission. Copyright 2017, American Chemical Society.
d,e) Charge separation in a single-domain ferroelectric PbTiO3 nanoparticle. SPVM images (d) of a negative polarization facet (A) and positive
polarization (B) facet of PbTiO3 nanoparticles and size-dependent charge separation between the two facets (e). The size denotes the distance
between the positive polarization facet and negative polarization facet. Adapted from Ref. [34] with permission. Copyright 2020, Wiley-VCH Verlag
GmbH & Co.
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generates an internal oriented field termed a depolarization
field in the entire particle. The strength of this field was
determined to be 3.6 kV cm�1, which is higher than that in
common SCRs of photocatalysts but five orders of magnitude
smaller than the estimated value for ferroelectrics.[35] A
screening field that compensates for part of the depolariza-
tion field can explain the vast difference in the magnitude and
can be partially diminished by surface modification.

Quantitative assessment of charge separation at the
single-domain and single-particle levels by the SRSPV
method enables us to discriminate the dominant role of the
bulk depolarization field from the complexity of ferroelectric
photocatalysts involving surface band bending, depolarization
fields, and screening fields. A direct approach is to enhance
the depolarization field, which can be achieved by creating
a single-domain ferroelectric photocatalyst or weakening the
screening field. Integrating co-catalysts onto a ferroelectric
photocatalyst is also worth considering because ferroelectrics
are usually inactive for photocatalytic reactions.[36] Another
obstacle is that ferroelectrics are generally limited to wide-
band-gap non-centrosymmetric materials, which harvest little
sunlight. To circumvent this problem, efforts should be
devoted to enhancing light absorption in low-symmetry
materials,[37] tailoring the crystal symmetry in light-harvesting
semiconductors by shaping the materials,[38] or using mechan-
ical fields.[39]

Figure 5 summarizes the insights provided by the SRSPV
method for rational engineering of the built-in electric field to
improve charge separation in photocatalyst particles. For
a common semiconductor photocatalyst particle, the sym-
metric surface built-in electric fields surrounding the photo-
catalyst determines the charge separation but is cancelled out
by symmetry considerations. This inspired a route toward
improving charge separation by breaking the symmetry of the
photocatalyst.

By using SRSPV, we discovered highly anisotropic surface
built-in electric fields for different facets of a facet-engineered
photocatalyst particle, with the highest anisotropy of charge
separation between different facets being up to 70 times
greater.[22] Therefore, the high asymmetry of surface built-in
electric fields yields a net driving force in a facet-engineered
photocatalyst particle. Furthermore, the symmetry of surface
built-in electric fields can be fully broken by the asymmetric
assembly of co-catalysts.[23] Consequently, the vectors of the
surface built-in electric fields of different facets are aligned,
and an oriented built-in electric field is formed throughout the
photocatalyst particle with a strength of 2.5 kV cm�1. SRSPV
also enabled us to demonstrate that the fabrication of a buried
junction can create an interfacial built-in electric field, which
is beneath the surface built-in electric field but is strong
enough to dominate charge separation. In the case of a TiO2

phase junction, a 1.1 kVcm�1 built-in electric field was
created that gave rise to a driving force six-times stronger
than that of the surface built-in electric field.[27] Moreover, by
breaking the unit cell symmetry at the source, an oriented
internal electric field of up to 3.6 kVcm�1 can be formed in
the entire ferroelectric photocatalyst particle owing to the
incomplete screening of the depolarization field in ferro-
electrics.[34]

Although it has long been a formidable challenge to
separate photogenerated electrons and holes to different
surface locations of photocatalysts with small spatial features
but lacking external driving forces, the above SRSPV results
demonstrate methods by which efficient charge separation in
photocatalyst particles becomes possible. The efficient charge
separation depends on an oriented built-in electric field,
which is created by anisotropic facet engineering, asymmetric
assembly of co-catalysts, buried interface fabrication, and
crystal symmetry tailoring. These insights underline the
importance of engineering the symmetry of photocatalysts

Figure 5. Schematic illustration of the potential distribution (top) and band diagram (bottom) in photocatalytic systems with symmetric,
anisotropic, aligned, interfacial, and depolarization built-in electric fields.
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in terms of morphology, composition, and crystal structure.
The quantitative data hint that the more the symmetry is
broken, the stronger the oriented built-in electric field.
Likewise, these insights should also speed up the development
of additional charge-separation strategies by engineering
photocatalysts asymmetrically.

3. Charge Separation through Diffusion

Diffusion-induced charge separation, commonly known
as the Dember effect,[40] arises from the difference in the
mobility of electrons and holes when they diffuse along the
concentration gradient set up as a result of non-uniform
illumination of a semiconductor.[41] If the effective carriers are
electrons, the illuminated surface becomes positive with
respect to the dark surface. By definition, the Dember
effect is essentially a bulk effect and offers the potential to
produce an oriented driving force in the entire photocatalyst
particle, which is favorable for efficient charge separation.
Although diffusion-induced charge separation has been
demonstrated in semiconductors under local illumination
with light by using imaging techniques,[42] the effect has
seldomly been observed in photocatalyst particles and is
obscure to the photocatalysis community.[43]

By using SPVM in combination with a symmetry-tunable
illumination system (Figure 6a), we uncovered masked dif-
fusion-induced charge separation in photocatalysts.[44] We
exemplified this effect with a high-symmetry Cu2O photo-
catalyst particle, which is devoid of an oriented built-in
electric field. SPVM directly showed that the photogenerated
holes are evenly distributed on the photocatalyst surface
under symmetric illumination (Figure 6c). Interestingly, in
contrast, photogenerated holes and electrons were separated

and transferred to the illuminated and dark surfaces of the
photocatalyst, respectively, by asymmetric light irradiation
(Figure 6b). The comparison indicates that asymmetric
illumination effectively promotes charge separation in photo-
catalysts, which suggests that electrons and holes are trans-
ferred to the spatially separated surface of the photocatalyst.
The dependence of charge separation on illumination sym-
metry was further observed by tuning the light intensity on
one side or rotating angles between the particle and
irradiation direction, which corroborated that an oriented
driving force is generated by asymmetric illumination and is
capable of breaking the symmetry of surface built-in electric
fields.

So what is the origin of this asymmetric illumination-
induced charge-separation phenomenon? We sought to
answer this question by exploring the correlation between
this phenomenon and particle size. We observed that the
charge separation was more evident with a larger particle size
and only identified electrons on the dark surfaces when the
particle size was large. The emergence of electrons implies
that the driving force induced by asymmetric illumination is
greater than that by the surface built-in electric field. By
quantitatively recording the size-dependent SPV signals and
deconvolving the contribution of the surface built-in electric
field, we found that the correlation between the SPV and
particle size is in line with a diffused charge-separation
process at approximately mn/mp = 100, where mn and mp

represent the electron and hole mobilities, respectively. The
experimental data are also in agreement with the simulated
Dember SPV, thus demonstrating the origin from the photo-
Dember effect.

The spatially separated electrons and holes arising from
the Dember effect allow the possibility for the asymmetric
assembly of co-catalysts on a high-symmetry photocatalyst

Figure 6. Charge separation by diffusion in cubic Cu2O photocatalyst particles. a) Experimental set-up for the investigation of charge separation
by diffusion. b,c) SPVM images of a Cu2O photocatalyst particle under asymmetric (b) and symmetric (c) illumination. d) Dependence of diffused
charge separation on Cu2O particle size. Red circles represent the experimental data. The gray, blue, and magenta lines represent the calculated
diffusion SPV using a drift-diffusion model at different mobility ratios of the electrons and holes. e,f) SEM (e) and SPVM image (f) of a Cu2O
photocatalyst particle with spatially selective deposition of co-catalysts through asymmetric illumination. g) Quantitative driving forces of charge
separation that are provided by asymmetric illumination and asymmetric assembly of co-catalysts. Adapted from Ref. [44] with permission.
Copyright 2018, Nature Publishing Group.
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particle. To verify this, we photodeposited redox co-catalysts
on a symmetric Cu2O particle under asymmetric illumination
(Figure 6e). As expected, reductive co-catalysts were depos-
ited on the dark surface by electrons through photoreduction,
and oxidative co-catalysts were deposited on the illuminated
surface by holes through photooxidation. More importantly,
asymmetric deposition can also lead to an oriented built-in
electric field that enhances directional charge separation
(Figure 6 f). Quantitative SRSPV measurements showed that
the built-in electric field yields an additional SPV enhance-
ment of 50 mV. In comparison, the SPV induced by the
Dember effect is 40 mV, thus indicating that the driving force
arising from the Dember effect is comparable to that of the
oriented built-in electric field (Figure 6g). Furthermore, the
controllable asymmetric deposition of co-catalysts enabled by
the Dember effect can improve the performance of photo-
catalytic reactions by 300%, thereby suggesting a strategy for
the rational design of photocatalysts.

This research establishes a fundamental understanding of
diffused charge separation in photocatalysis that intrinsically
originates from asymmetric illumination and differences in
charge mobility. As a future extension, the coupling of
photocatalysts with nanostructures that concentrate light,
such as plasmonics, offers an exciting option.[45] The differ-
ence in the charge mobility may be enlarged when electrons
diffuse in a regime of hot electron transport, which has
recently been demonstrated by ultrafast microscopy to
enhance diffusivity by several orders of magnitude.[46] It
should be mentioned that charge separation is also affected by
the light intensity, photon energy, absorption coefficient,
doping density, and particle size, through which the process
can be optimized. These insights shed light on the significance
of this charge-separation mechanism in photocatalysis, which
not only provides a competitive driving force, but also allows
spatially controllable assembly of the co-catalyst. This intri-
guing method to assemble co-catalysts may be rather generic
as it merely requires external manipulation of light and
a difference in the charge mobility, although it must be tested
on other systems for validation. The most important motiva-
tion from the progress made is the engineering of the
asymmetry—from asymmetric illumination to the asymmetric
assembly of co-catalysts. Therefore, this further emphasizes
the importance of asymmetric engineering for the rational
design of photocatalysts.

4. Charge Separation through Trapping

Charge separation by trapping is directly related to
defects that selectively capture one type of charge carrier,
thereby separating the electron–hole pairs. However, as
pointed out by Queisser in “Defects in semiconductors:
some fatal, some vital”,[47] the impact of defects on the action
of photogenerated charge carriers is highly complicated.[48]

Fatal defects may serve as recombination centers and reduce
the solar energy conversion.[49] They may also generate
potential barriers that impede charge transport[7a] or create
polarons[50] that decrease charge mobility. Conversely, vital
defects can function as electron or hole traps that facilitate

charge separation[51] or allow a leaky conduction pathway[52]

or an energetic canal[53] which accelerates charge transfer. In
addition, some defects may be idle—neither harmful nor
helpful—which explains the so-called defect tolerance in
a class of semiconductors.[54] The multiple types and associ-
ated roles of defects make them a daunting challenge to
understand. Nevertheless, research on understanding the
impact of defects on the carrier dynamics has seen tremen-
dous progress, partially as a result of improvements in
analytical methods.[7a,48b, 50, 53,55] Consequently, defect engi-
neering strategies have been increasingly adopted to improve
photocatalytic performance.[56] The SRSPS method has also
provided distinct insights into defect-induced charge separa-
tion at the nanometer scale.[57]

Two types of defects, namely copper vacancies (VCu) and
hydrogenated copper vacancies (H-VCu), were engineered in
cubic Cu2O photocatalysts by the electrochemical method.
SPVM subsequently showed that the photogenerated charge
distribution at the surface of Cu2O particles varies widely for
electrons and holes, with the dominant defects changing from
VCu to (H-VCu), although the shape, size, and surface of all the
particles appeared similar (Figure 7a–d). The dependence of
the charge distribution on defects reflects the direct impact of
defects on charge separation, which was also corroborated by
modulated SPV. By performing transient SPV experiments in
the nanosecond to millisecond time window, we were able to
directly observe the defect-related charge-separation pro-
cesses and differentiate them from charge separation arising
from a surface built-in electric field (Figure 7e,f). VCu, an
intrinsic acceptor, initiates charge separation by generating
a p-type SCR and stabilizes the charge separation state by
trapping the photogenerated holes. In contrast, (H-VCu), an
artificial defect, results in a deep electron trap state that
directly induces a charge-separation process by trapping
photogenerated electrons while separating the photogener-
ated holes on the surface. Defect-induced charge separation
occurs at longer times and in an inverted direction with
respect to charge separation in SCR, thereby leading to an
inversion of charge separation at the microsecond timescale.

To determine the defect distribution and quantify the
driving force of the charge separation, we upgraded the
SRSPV technique to a version called tomographic SPVM.
This version enables mapping of the charge distribution
beneath the surface by locally removing slices of material
within the scanned region using a forced diamond tip. The
tomographic SPVM image showed that the local removal of
the surface region leads to the disappearance of holes and the
emergence of electrons, thereby indicating that (H-VCu)
defects are distributed in the near-surface region (Figure 7g).
By quantitatively exploring the relationship between the SPV
and scratching depth at different photon energies (Figure 7h),
the quantitative contributions of charge separation by trap-
ping and by the surface built-in electric field can be
decoupled. In doing so, we ascertained that the defects are
distributed within a 100 nm surface region and estimated that
the driving force is greater than 4.2 kVcm�1.

Intriguingly, defect-induced charge separation presents
a potentially powerful driving force in photocatalysis. The
charge separation is highly localized compared to charge
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separation by a built-in electric field and diffusion and,
therefore, requires near-surface defect engineering. Depend-
ing on the types of defects, the charge distribution at the
surface can be manipulated. However, a challenge is to
achieve the spatial separation of electrons and holes at
different surface sites of the photocatalyst by using this
driving force. An approach to this problem, as suggested by
tomographic SPVM, is spatially engineering heterogeneous
defects. However, how can asymmetric defect distribution be
feasibly scaled up from the single-particle approach and
precisely controlled at will? If this endeavor materializes,
a vast improvement in photocatalysis is expected.

5. Summary and Outlook

Charge separation by a built-in electric field in a p-
n junction underlies silicon photovoltaic cells, which are the
backbone of the modern solar industry.[58] In principle,
photocatalysis enables a more cost-effective conversion of
solar energy into chemical fuel for the realization of
a sustainable carbon-neutral society.[1c] To make this possi-
bility a reality, photocatalysts should be rationally designed to
efficiently convert solar energy. However, this remains a pipe
dream, as efficient charge separation in nanometer-scale
photocatalyst particles is a formidable challenge. This dream
can only be realized when the same driving force for solar
cells can be provided for charge separation.

Insights provided by the SRSPV technique have now
made an important step toward this ambition. An oriented
electric field has been built in photocatalysts through

anisotropic facets, asymmetric assembly of co-catalysts, inter-
face fabrication, and bulk polarization. This has led to
efficient charge separation being achieved, and spatially
separated electrons and holes at different surface sites of the
photocatalyst have been pinpointed. Efficient charge separa-
tion by asymmetric illumination has also been mapped, which
unveiled a more generic route to provide a competitive
driving force for oriented built-in electric fields. Defect-
induced charge separation by the trapping of near-surface
defects has been achieved and this approach offers a driving
force greater than that of oriented built-in electric fields.
These driving forces are of the same order of magnitude as
that in silicon solar cells, thus promising a bright future for
photocatalysis.

These insights highlight the importance of an oriented
driving force that can be generated by engineering photo-
catalysts in an asymmetric manner. This innovation has led to
the formulation of guidelines for the rational design of
photocatalysts through intrinsic asymmetric structure engi-
neering, such as asymmetric facets, near-surface defects,
interfaces, and inner crystal structures, or by external
asymmetric manipulation, such as asymmetric illumination
and asymmetric assembly of co-catalysts. Coupling these
asymmetric engineering strategies may advance the rational
design, but requires the associated driving forces to be
aligned. For example, the asymmetric assembly of co-catalysts
has been enabled by asymmetric structure engineering and
asymmetric illumination, which delivers a synergistic effect
for improved charge separation.[23,44] Based on this under-
standing, Figure 8a illustrates such a photocatalytic system
that ensures all charge-separation mechanisms play their part

Figure 7. Charge separation by defect states. a–d) SPVM images of defect-engineered Cu2O photocatalyst particles with defects varying from VCu

to (H-VCu). e,f) Transient SPV spectra of Cu2O photocatalyst particles dominated by VCu (e) and (H-VCu) (f) defects. g) Tomographic SPVM image
of a Cu2O photocatalyst particle with a locally scratched surface. h) SRSPS spectra measured at the scratched region at different scratching
depths. Adapted from Ref. [57] with permission. Copyright 2019, American Chemical Society.
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synergistically. The photocatalytic structure features a combi-
nation of anisotropic facets, asymmetric co-catalyst loading,
asymmetric light illumination, and spatially selective defect
distributions. The anisotropic facet and co-catalyst loading
should generate an oriented built-in electric field from the
lower facets to the top facets that drives electrons to the lower
facets and holes to the top facets. To align the driving force
arising from diffusion with the inter-facet built-in electric
field, light should be unidirectionally irradiated from the top
facets, thereby resulting in a diffused charge-separation
mechanism that moves electrons away and leaves holes at
the top facets. The driving force can be further enhanced by
defect-induced charge separation through the selective incor-
poration of hole traps at the top facets. Besides providing an
additional driving force, the trapping process can also
promote diffused charge separation by dramatically decreas-
ing the hole mobility, and can also prolong the lifetime of
charge-separation states induced by the built-in electric field
and diffusion mechanisms through a reversible trapping and
de-trapping process. Thus, the cooperation of these three
driving forces brings efficient charge separation a step closer
to realization. Partially guided by such design principles,
Domen and co-workers recently made a breakthrough in
engineering an efficient photocatalyst.[59] They combined
defect engineering strategies, anisotropic facet tailoring, and
spatially selective deposition of co-catalysts to create SrTiO3

photocatalyst particles that confer an unprecedented quan-
tum efficiency of almost unity for photocatalytic overall water
splitting. To extend these highly successful strategies to other
photocatalysts, further efforts are required to precisely
control the surface/interface structure and the placement of
co-catalysts/defects into ideal positions of the photocatalysts.

The advanced SRSPV technique is key to providing these
insights. However, as predicted by Feynman in his famous
lecture “There�s plenty of room at the bottom”, there remains
ample room for improving the technique and material
engineering to achieve Feynman�s vision, where desirable
materials might be designed by attaching and detaching
individual atoms at will.[60] The spatial resolution of the
experiments is limited to approximately ten nanometers,
which infers that the data still represent the average
performance for thousands of surface atoms. Improving the
spatial resolution may allow us to utilize new charge-
separation mechanisms,[61] such as dipoles or polarons,
which will speed up the further development of photocata-
lysts. The high spatial resolution of the SRSPV technique
afforded by a nanometer scanning probe, however, is
counterpoised by slow detection speeds on the order of
milliseconds.[62] Therefore, the charge-separation dynamics in
photocatalysts at the nanoscale currently remains beyond
reach. The direct observation of the charge-separation
dynamics is vital for an in-depth understanding of the
charge-separation mechanisms in highly efficient photocata-
lytic systems (e.g. the proposed system in Figure 8 a), in which
charge separation is synergistically driven by multiple driving
forces and the sequential charge-separation processes can be
discriminated on different timescales. Nevertheless, Figure 8b
offers a credible blueprint for advancing the imaging tech-
nique toward the spatiotemporal observation of charge-
separation dynamics in photocatalyst particles. The time
resolution of the current SRSPV technique may be extended
to microseconds by using a fast electrostatic force probe that
eliminates the time limitations of bias feedback and even
a phase-locked loop.[63] Going forward, an ultrafast pump-

Figure 8. a) Schematic illustration of a desired photocatalytic system for solar-driven water splitting. The photocatalyst is elaborately engineered
with anisotropic facets, co-catalysts, and defects, and is irradiated under asymmetric illumination so that all the driving forces for charge
separation are aligned and function synergistically. b) Schematic representation of proposed imaging techniques that enable spatiotemporal and
operando imaging of charge-separation processes in photocatalyst particles. The illustration shows the imaging of ultrafast charge-separation
dynamics by time-resolved photoemission electron microscopy, fast charge-separation dynamics by time-resolved atomic force microscopy, and
operando charge-separation by potential-sensing electrochemical atomic force microscopy.
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probe microscopy approach would be feasible for accessing
ultrafast charge-separation dynamics.[64] Notably, time-
resolved photoemission electron microscopy enables the
capture of snapshots of the charge flow immediately after
photoexcitation with femtosecond temporal and nanometer
spatial resolutions.[65] The combination of these spatiotempo-
ral imaging techniques offers the potential to reveal a holistic
picture of the different charge-separation mechanisms
involved in complex photocatalytic systems. Moreover, it is
also likely to provide a significant incentive to discover
a more efficient photocatalytic charge-separation mechanism
in terms of coherent electron dynamics and relevant quantum
processes.[66] Last but not least, opportunities for in situ or
operando imaging of photocatalytic processes are now also
available.[67] Although operando imaging with the SRSPV
technique is hindered by complex electrokinetic and electro-
chemical phenomena in the electrolyte, great efforts have
been devoted to circumvent this challenge by integrating
nanoprobes with electrochemical measurements.[68] It is note-
worthy that Boettcher and co-workers recently used a nano-
scale conducting tip to sense the surface electrochemical
potential of catalysts in operando, and the so-called potential-
sensing electrochemical atomic force microscopy could map
the photovoltage and reveal nanoscopic charge-transfer
processes during photo(electro)catalytic water splitting.[69]

We anticipate that studies of operando, real-time, and real-
space observations of photocatalytic processes lie ahead,[70]

which will prompt more exciting advances in photocatalysis.

Acknowledgements

This work was conducted by the Fundamental Research
Center of Artificial Photosynthesis (FReCAP) and financially
supported by the National Natural Science Foundation of
China (22088102, 22102173), CAS Projects for Young Scien-
tists in Basic Research (YSBR-004), and Dalian Institute of
Chemical Physics Innovation Foundation (DICPSZ201801).

Conflict of Interest

The authors declare no conflict of interest.

Stichwçrter: charge separation · nanoimaging · photocatalysis ·
surface photovoltage

[1] a) Q. Wang, T. Hisatomi, Q. Jia, H. Tokudome, M. Zhong, C.
Wang, Z. Pan, T. Takata, M. Nakabayashi, N. Shibata, Y. Li, I. D.
Sharp, A. Kudo, T. Yamada, K. Domen, Nat. Mater. 2016, 15,
611 – 615; b) S. Chen, T. Takata, K. Domen, Nat. Rev. Mater.
2017, 2, 17050; c) T. Hisatomi, K. Domen, Nat. Catal. 2019, 2,
387 – 399.

[2] a) C. S. Ponseca, Jr., P. Chabera, J. Uhlig, P. Persson, V.
Sundstrom, Chem. Rev. 2017, 117, 10940 – 11024; b) J. B.
Baxter, C. Richter, C. A. Schmuttenmaer, Annu. Rev. Phys.
Chem. 2014, 65, 423 – 447; c) S. Corby, R. R. Rao, L. Steier, J. R.
Durrant, Nat. Rev. Mater. 2021, 6, 1136 – 1155.

[3] D. Wang, T. Sheng, J. Chen, H.-F. Wang, P. Hu, Nat. Catal. 2018,
1, 291 – 299.

[4] a) F. Le Formal, E. Pastor, S. D. Tilley, C. A. Mesa, S. R.
Pendlebury, M. Gratzel, J. R. Durrant, J. Am. Chem. Soc. 2015,
137, 6629 – 6637; b) C. A. Mesa, L. Francas, K. R. Yang, P.
Garrido-Barros, E. Pastor, Y. Ma, A. Kafizas, T. E. Rosser, M. T.
Mayer, E. Reisner, M. Gratzel, V. S. Batista, J. R. Durrant, Nat.
Chem. 2020, 12, 82 – 89.

[5] F. Chen, T. Ma, T. Zhang, Y. Zhang, H. Huang, Adv. Mater. 2021,
33, 2005256.

[6] L. Kronik, Y. Shapira, Surf. Sci. Rep. 1999, 37, 1 – 206.
[7] a) S. C. Warren, K. Voitchovsky, H. Dotan, C. M. Leroy, M.

Cornuz, F. Stellacci, C. Hebert, A. Rothschild, M. Gratzel, Nat.
Mater. 2013, 12, 842 – 849; b) J. B. Sambur, T. Y. Chen, E.
Choudhary, G. Chen, E. J. Nissen, E. M. Thomas, N. Zou, P.
Chen, Nature 2016, 530, 77 – 80; c) J. Eichhorn, C. Kastl, J. K.
Cooper, D. Ziegler, A. M. Schwartzberg, I. D. Sharp, F. M.
Toma, Nat. Commun. 2018, 9, 2597.

[8] M. Hesari, X. Mao, P. Chen, J. Am. Chem. Soc. 2018, 140, 6729 –
6740.

[9] R. Chen, F. Fan, T. Dittrich, C. Li, Chem. Soc. Rev. 2018, 47,
8238 – 8262.

[10] W. Melitz, J. Shen, A. C. Kummel, S. Lee, Surf. Sci. Rep. 2011, 66,
1 – 27.

[11] a) I. Mora-Ser�, T. Dittrich, G. Garcia-Belmonte, J. Bisquert, J.
Appl. Phys. 2006, 100, 103705; b) D. Gross, I. Mora-Sero, T.
Dittrich, A. Belaidi, C. Mauser, A. J. Houtepen, E. Da Como,
A. L. Rogach, J. Feldmann, J. Am. Chem. Soc. 2010, 132, 5981 –
5983.

[12] a) Z. Zhang, J. T. Yates, Jr., Chem. Rev. 2012, 112, 5520 – 5551;
b) F. Chen, H. Huang, L. Guo, Y. Zhang, T. Ma, Angew. Chem.
Int. Ed. 2019, 58, 10061 – 10073; Angew. Chem. 2019, 131, 10164 –
10176.

[13] a) S. J. A. Moniz, S. A. Shevlin, D. J. Martin, Z. X. Guo, J. W.
Tang, Energy Environ. Sci. 2015, 8, 731 – 759; b) J. Low, J. Yu, M.
Jaroniec, S. Wageh, A. A. Al-Ghamdi, Adv. Mater. 2017, 29,
1601694.

[14] a) J. Zhang, Q. Xu, Z. Feng, M. Li, C. Li, Angew. Chem. Int. Ed.
2008, 47, 1766 – 1769; Angew. Chem. 2008, 120, 1790 – 1793; b) X.
Wang, Q. Xu, M. Li, S. Shen, X. Wang, Y. Wang, Z. Feng, J. Shi,
H. Han, C. Li, Angew. Chem. Int. Ed. 2012, 51, 13089 – 13092;
Angew. Chem. 2012, 124, 13266 – 13269.

[15] a) R. Li, F. Zhang, D. Wang, J. Yang, M. Li, J. Zhu, X. Zhou, H.
Han, C. Li, Nat. Commun. 2013, 4, 1432; b) S. Wang, G. Liu, L.
Wang, Chem. Rev. 2019, 119, 5192 – 5247.

[16] a) S. U. Nanayakkara, G. Cohen, C. S. Jiang, M. J. Romero, K.
Maturova, M. Al-Jassim, J. van de Lagemaat, Y. Rosenwaks,
J. M. Luther, Nano Lett. 2013, 13, 1278 – 1284; b) S. Ida, A.
Takashiba, S. Koga, H. Hagiwara, T. Ishihara, J. Am. Chem. Soc.
2014, 136, 1872 – 1878; c) S. Wang, Y. Gao, S. Miao, T. Liu, L. Mu,
R. Li, F. Fan, C. Li, J. Am. Chem. Soc. 2017, 139, 11771 – 11778;
d) Y. Gao, W. Nie, Q. Zhu, X. Wang, S. Wang, F. Fan, C. Li,
Angew. Chem. Int. Ed. 2020, 59, 18218 – 18223; Angew. Chem.
2020, 132, 18375 – 18380.

[17] Y. Yang, J. Gu, J. L. Young, E. M. Miller, J. A. Turner, N. R.
Neale, M. C. Beard, Science 2015, 350, 1061 – 1065.

[18] R. Chen, J. Zhu, H. An, F. Fan, C. Li, Faraday Discuss. 2017, 198,
473 – 479.

[19] S. F. Zhang, A. T. Connie, D. A. Laleyan, H. P. T. Nguyen, Q.
Wang, J. Song, I. S. Shih, Z. T. Mi, IEEE J. Quantum Electron.
2014, 50, 483 – 490.

[20] B. Weng, M.-Y. Qi, C. Han, Z.-R. Tang, Y.-J. Xu, ACS Catal.
2019, 9, 4642 – 4687.

[21] a) K. Wenderich, A. Klaassen, I. Siretanu, F. Mugele, G. Mul,
Angew. Chem. Int. Ed. 2014, 53, 12476 – 12479; Angew. Chem.
2014, 126, 12684 – 12687; b) X. Mao, C. Liu, M. Hesari, N. Zou, P.
Chen, Nat. Chem. 2019, 11, 687 – 694; c) Y. A. Wu, I. McNulty, C.
Liu, K. C. Lau, Q. Liu, A. P. Paulikas, C.-J. Sun, Z. Cai, J. R.

Angewandte
ChemieAufs�tze

Angew. Chem. 2022, e202117567 (12 of 14) � 2022 Wiley-VCH GmbH

https://doi.org/10.1038/nmat4589
https://doi.org/10.1038/nmat4589
https://doi.org/10.1038/s41929-019-0242-6
https://doi.org/10.1038/s41929-019-0242-6
https://doi.org/10.1021/acs.chemrev.6b00807
https://doi.org/10.1146/annurev-physchem-040513-103742
https://doi.org/10.1146/annurev-physchem-040513-103742
https://doi.org/10.1038/s41578-021-00343-7
https://doi.org/10.1038/s41929-018-0055-z
https://doi.org/10.1038/s41929-018-0055-z
https://doi.org/10.1021/jacs.5b02576
https://doi.org/10.1021/jacs.5b02576
https://doi.org/10.1038/s41557-019-0347-1
https://doi.org/10.1038/s41557-019-0347-1
https://doi.org/10.1002/adma.202005256
https://doi.org/10.1002/adma.202005256
https://doi.org/10.1016/S0167-5729(99)00002-3
https://doi.org/10.1038/nmat3684
https://doi.org/10.1038/nmat3684
https://doi.org/10.1038/nature16534
https://doi.org/10.1021/jacs.8b04039
https://doi.org/10.1021/jacs.8b04039
https://doi.org/10.1039/C8CS00320C
https://doi.org/10.1039/C8CS00320C
https://doi.org/10.1016/j.surfrep.2010.10.001
https://doi.org/10.1016/j.surfrep.2010.10.001
https://doi.org/10.1063/1.2361158
https://doi.org/10.1063/1.2361158
https://doi.org/10.1021/ja101629c
https://doi.org/10.1021/ja101629c
https://doi.org/10.1021/cr3000626
https://doi.org/10.1002/anie.201901361
https://doi.org/10.1002/anie.201901361
https://doi.org/10.1002/ange.201901361
https://doi.org/10.1002/ange.201901361
https://doi.org/10.1039/C4EE03271C
https://doi.org/10.1002/adma.201601694
https://doi.org/10.1002/adma.201601694
https://doi.org/10.1002/anie.200704788
https://doi.org/10.1002/anie.200704788
https://doi.org/10.1002/ange.200704788
https://doi.org/10.1002/anie.201207554
https://doi.org/10.1002/ange.201207554
https://doi.org/10.1021/acs.chemrev.8b00584
https://doi.org/10.1021/nl4000147
https://doi.org/10.1021/ja409465k
https://doi.org/10.1021/ja409465k
https://doi.org/10.1021/jacs.7b04470
https://doi.org/10.1002/anie.202007706
https://doi.org/10.1002/ange.202007706
https://doi.org/10.1002/ange.202007706
https://doi.org/10.1126/science.aad3459
https://doi.org/10.1039/C6FD00214E
https://doi.org/10.1039/C6FD00214E
https://doi.org/10.1021/acscatal.9b00313
https://doi.org/10.1021/acscatal.9b00313
https://doi.org/10.1002/ange.201405274
https://doi.org/10.1002/ange.201405274
https://doi.org/10.1038/s41557-019-0288-8


Guest, Y. Ren, V. Stamenkovic, L. A. Curtiss, Y. Liu, T. Rajh,
Nat. Energy 2019, 4, 957 – 968.

[22] J. Zhu, F. Fan, R. Chen, H. An, Z. Feng, C. Li, Angew. Chem. Int.
Ed. 2015, 54, 9111 – 9114; Angew. Chem. 2015, 127, 9239 – 9242.

[23] J. Zhu, S. Pang, T. Dittrich, Y. Gao, W. Nie, J. Cui, R. Chen, H.
An, F. Fan, C. Li, Nano Lett. 2017, 17, 6735 – 6741.

[24] a) J. H. Yang, D. G. Wang, H. X. Han, C. Li, Acc. Chem. Res.
2013, 46, 1900 – 1909; b) B. Qiu, M. Du, Y. Ma, Q. Zhu, M. Xing,
J. Zhang, Energy Environ. Sci. 2021, 14, 5260 – 5288.

[25] W. Vijselaar, P. Westerik, J. Veerbeek, R. M. Tiggelaar, E.
Berenschot, N. R. Tas, H. Gardeniers, J. Huskens, Nat. Energy
2018, 3, 185 – 192.

[26] a) D. O. Scanlon, C. W. Dunnill, J. Buckeridge, S. A. Shevlin,
A. J. Logsdail, S. M. Woodley, C. R. A. Catlow, M. J. Powell,
R. G. Palgrave, I. P. Parkin, G. W. Watson, T. W. Keal, P.
Sherwood, A. Walsh, A. A. Sokol, Nat. Mater. 2013, 12, 798 –
801; b) Y. Nosaka, A. Y. Nosaka, J. Phys. Chem. Lett. 2016, 7,
431 – 434.

[27] Y. Gao, J. Zhu, H. An, P. Yan, B. Huang, R. Chen, F. Fan, C. Li, J.
Phys. Chem. Lett. 2017, 8, 1419 – 1423.

[28] a) H. Yoo, C. Bae, Y. Yang, S. Lee, M. Kim, H. Kim, Y. Kim, H.
Shin, Nano Lett. 2014, 14, 4413 – 4417; b) H. Li, Y. Gao, Y. Zhou,
F. Fan, Q. Han, Q. Xu, X. Wang, M. Xiao, C. Li, Z. Zou, Nano
Lett. 2016, 16, 5547 – 5552; c) X. D. Wang, Y. H. Huang, J. F.
Liao, Y. Jiang, L. Zhou, X. Y. Zhang, H. Y. Chen, D. B. Kuang, J.
Am. Chem. Soc. 2019, 141, 13434 – 13441.

[29] T. A. Pham, Y. Ping, G. Galli, Nat. Mater. 2017, 16, 401 – 408.
[30] a) S. Y. Yang, J. Seidel, S. J. Byrnes, P. Shafer, C. H. Yang, M. D.

Rossell, P. Yu, Y. H. Chu, J. F. Scott, J. W. Ager 3rd, L. W.
Martin, R. Ramesh, Nat. Nanotechnol. 2010, 5, 143 – 147;
b) W. Z. Wu, Z. L. Wang, Nat. Rev. Mater. 2016, 1, 16031.

[31] H. Simons, A. B. Haugen, A. C. Jakobsen, S. Schmidt, F. Stohr,
M. Majkut, C. Detlefs, J. E. Daniels, D. Damjanovic, H. F.
Poulsen, Nat. Mater. 2018, 17, 814 – 819.

[32] J. E. Spanier, V. M. Fridkin, A. M. Rappe, A. R. Akbashev, A.
Polemi, Y. Qi, Z. Gu, S. M. Young, C. J. Hawley, D. Imbrenda, G.
Xiao, A. L. Bennett-Jackson, C. L. Johnson, Nat. Photonics 2016,
10, 611 – 616.

[33] a) M. Wang, B. Wang, F. Huang, Z. Lin, Angew. Chem. Int. Ed.
2019, 58, 7526 – 7536; Angew. Chem. 2019, 131, 7606 – 7616; b) C.
Hu, S. Tu, N. Tian, T. Ma, Y. Zhang, H. Huang, Angew. Chem.
Int. Ed. 2021, 60, 16309 – 16328; Angew. Chem. 2021, 133, 16445 –
16464; c) L. Liu, H. Huang, Z. Chen, H. Yu, K. Wang, J. Huang,
H. Yu, Y. Zhang, Angew. Chem. Int. Ed. 2021, 60, 18303 – 18308;
Angew. Chem. 2021, 133, 18451 – 18456; d) S. B. Wang, X. Han,
Y. H. Zhang, N. Tian, T. Y. Ma, H. W. Huang, Small Struct. 2021,
2, 2000061.

[34] Y. Liu, S. Ye, H. Xie, J. Zhu, Q. Shi, N. Ta, R. Chen, Y. Gao, H.
An, W. Nie, H. Jing, F. Fan, C. Li, Adv. Mater. 2020, 32, 1906513.

[35] C. H. Ahn, K. M. Rabe, J. M. Triscone, Science 2004, 303, 488 –
491.

[36] G. Liu, L. Ma, L.-C. Yin, G. Wan, H. Zhu, C. Zhen, Y. Yang, Y.
Liang, J. Tan, H.-M. Cheng, Joule 2018, 2, 1095 – 1107.

[37] a) I. Grinberg, D. V. West, M. Torres, G. Gou, D. M. Stein, L.
Wu, G. Chen, E. M. Gallo, A. R. Akbashev, P. K. Davies, J. E.
Spanier, A. M. Rappe, Nature 2013, 503, 509 – 512; b) Y.
Noguchi, Y. Taniguchi, R. Inoue, M. Miyayama, Nat. Commun.
2020, 11, 966.

[38] Y. J. Zhang, T. Ideue, M. Onga, F. Qin, R. Suzuki, A. Zak, R.
Tenne, J. H. Smet, Y. Iwasa, Nature 2019, 570, 349 – 353.

[39] M. M. Yang, D. J. Kim, M. Alexe, Science 2018, 360, 904 – 907.
[40] H. Dember, Phys. Z. 1931, 32, 554 – 556.
[41] a) S. K. Chattopadhyaya, V. K. Mathur, J. Appl. Phys. 1969, 40,

1930 – 1933; b) S. R. Goldman, K. Kalikstein, B. Kramer, J. Appl.
Phys. 1978, 49, 2849.

[42] a) S. Sch�fer, Z. Wang, R. Zierold, T. Kipp, A. Mews, Nano Lett.
2011, 11, 2672 – 2677; b) B. Liao, E. Najafi, H. Li, A. J. Minnich,
A. H. Zewail, Nat. Nanotechnol. 2017, 12, 871 – 876.

[43] M. Chen, J. Gu, C. Sun, Y. Zhao, R. Zhang, X. You, Q. Liu, W.
Zhang, Y. Su, H. Su, D. Zhang, ACS Nano 2016, 10, 6693 – 6701.

[44] R. Chen, S. Pang, H. An, J. Zhu, S. Ye, Y. Gao, F. Fan, C. Li, Nat.
Energy 2018, 3, 655 – 663.

[45] a) H. A. Atwater, A. Polman, Nat. Mater. 2010, 9, 205 – 213;
b) O. M. Marag�, P. H. Jones, P. G. Gucciardi, G. Volpe, A. C.
Ferrari, Nat. Nanotechnol. 2013, 8, 807 – 819.

[46] a) Z. Guo, Y. Wan, M. J. Yang, J. Snaider, K. Zhu, L. B. Huang,
Science 2017, 356, 59 – 62; b) E. Najafi, V. Ivanov, A. Zewail, M.
Bernardi, Nat. Commun. 2017, 8, 15177.

[47] H. J. Queisser, E. E. Haller, Science 1998, 281, 945 – 950.
[48] a) J. S. Park, S. Kim, Z. Xie, A. Walsh, Nat. Rev. Mater. 2018, 3,

194 – 210; b) S. Selim, E. Pastor, M. Garc�a-Tecedor, M. R.
Morris, L. Franc�s, M. Sachs, B. Moss, S. Corby, C. A. Mesa, S.
Gimenez, A. Kafizas, A. A. Bakulin, J. R. Durrant, J. Am. Chem.
Soc. 2019, 141, 18791 – 18798.

[49] J. M. Ball, A. Petrozza, Nat. Energy 2016, 1, 16149.
[50] L. M. Carneiro, S. K. Cushing, C. Liu, Y. Su, P. Yang, A. P.

Alivisatos, S. R. Leone, Nat. Mater. 2017, 16, 819 – 825.
[51] H. Wang, D. Yong, S. Chen, S. Jiang, X. Zhang, W. Shao, Q.

Zhang, W. Yan, B. Pan, Y. Xie, J. Am. Chem. Soc. 2018, 140,
1760 – 1766.

[52] a) S. Hu, M. R. Shaner, J. A. Beardslee, M. Lichterman, B. S.
Brunschwig, N. S. Lewis, Science 2014, 344, 1005 – 1009; b) L. Ji,
H. Y. Hsu, X. Li, K. Huang, Y. Zhang, J. C. Lee, A. J. Bard, E. T.
Yu, Nat. Mater. 2017, 16, 127 – 131.

[53] J. Luria, Y. Kutes, A. Moore, L. H. Zhang, E. A. Stach, B. D.
Huey, Nat. Energy 2016, 1, 16150.

[54] a) A. Zakutayev, C. M. Caskey, A. N. Fioretti, D. S. Ginley, J.
Vidal, V. Stevanovic, E. Tea, S. Lany, J. Phys. Chem. Lett. 2014, 5,
1117 – 1125; b) A. Walsh, A. Zunger, Nat. Mater. 2017, 16, 964 –
967.

[55] Y. Yang, M. J. Yang, D. T. Moore, Y. Yan, E. M. Miller, K. Zhu,
M. C. Beard, Nat. Energy 2017, 2, 16207.

[56] a) S. Bai, N. Zhang, C. Gao, Y. Xiong, Nano Energy 2018, 53,
296 – 336; b) H. Arandiyan, S. S. Mofarah, C. C. Sorrell, E.
Doustkhah, B. Sajjadi, D. Hao, Y. Wang, H. Sun, B. J. Ni, M.
Rezaei, Z. Shao, T. Maschmeyer, Chem. Soc. Rev. 2021, 50,
10116 – 10211.

[57] R. Chen, S. Pang, H. An, T. Dittrich, F. Fan, C. Li, Nano Lett.
2019, 19, 426 – 432.

[58] A. Polman, M. Knight, E. C. Garnett, B. Ehrler, W. C. Sinke,
Science 2016, 352, aad4424.

[59] T. Takata, J. Jiang, Y. Sakata, M. Nakabayashi, N. Shibata, V.
Nandal, K. Seki, T. Hisatomi, K. Domen, Nature 2020, 581, 411 –
414.
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Unraveling Charge-Separation
Mechanisms in Photocatalyst Particles by
Spatially Resolved Surface Photovoltage
Techniques

Charge separation is key to efficient
photocatalytic solar energy conversion.
The distribution of surface charge on
photocatalysts can be identified and the
driving forces of charge separation
quantitatively determined at the nano-
scale by the spatially resolved surface
photovoltage technique. The identifica-
tion of photocatalytic charge separation
mechanisms will enable the rational
design of efficient photocatalytic systems.
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