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ABSTRACT: Understanding the fundamental properties
of charge carriers on the surface of semiconductor
photo(electro)catalysts is key to the rational design of
efficient photo(electro)catalytic devices for sunlight-driven
energy conversion. Here high spatial resolution informa-
tion is always desirable because of the ubiquitous
heterogeneity in semiconductor particles. In this Perspec-
tive, we review the latest advances in nanoscale imaging
and quantitative analysis of charge carrier activities on
individual semiconductor particles down to subparticle
resolution, covering the approaches of single-molecule
super-resolution fluorescence imaging, scanning electron
microscopy, and photoluminescence microscopy. We
further highlight direct, operando functional assessments
of their performances toward the targeted photo(electro)-
catalytic processes through single- and subparticle photo-
current measurements. We also discuss the significance of
establishing quantitative relations between the desired
functions of photo(electro)catalysts and their surface
charge carrier activities. These fundamental relations can
provide guiding principles for rationally engineering
photo(electro)catalytic systems, for example with cocata-
lysts, for a broad range of applications.

1. INTRODUCTION

Sunlight is the most abundant renewable energy resource;
Nature has evolved sophisticated, efficient photosynthetic
processes to harvest solar energy for the production of
chemical energy.1,2 The quantity of solar energy irradiated on
the earth’s surface is approximately 3 × 1024 J per year, which is
around 104 times the global energy consumption annually,
according to the U.S. Energy Information Administration. The
past decade has witnessed dramatic increases in research efforts
on solar energy utilization and concomitant decreases in the
operating and capital costs of a variety of light-harvesting
systems.3

Photo(electro)catalysis, a promising technology that can
efficiently utilize the solar energy, has attracted widespread
interest, both fundamentally and for a myriad of practical
applications such as energy conversion,4−8 environmental
remediation,5,6,9−11 and chemical transformation.12−17 Photo-
(electro)catalytic processes are effective in overcoming reaction
energy barriers through taking advantage of the additional
energy generated by photon absorption. Moreover, photo-
(electro)catalysis offers a direct means to access a diverse array
of reaction pathways that are otherwise unattainable using
nonphotochemical strategies. The often-cited advantages of

photo(electro)catalytic processes include nontoxicity, low cost,
high efficiency, and no secondary pollution.
Semiconductors are probably one of the most widely used

light-harvesting materials for photo(electro)catalytic applica-
tions. Rationally engineered semiconducting materials have
been demonstrated to exhibit simultaneously a number of
prominent advantages for photo(electro)catalysis, such as
enhanced chemical stability in liquid environments, strong
catalytic performance toward targeted reactions, and suitable
band gap energies for harvesting a significant portion of the
solar spectrum.4,18−24 The primary processes in semiconductor-
based photo(electro)catalysis consist of the absorption of light
to generate charge carriers (i.e., electrons and holes), and the
subsequent exploitation of photoexcited electrons and holes to
trigger reduction and oxidation reactions, respectively. During
photocatalysis, the build-in electrical field in the depletion layer
separates the electron−hole pair; in a photoanode, holes drift to
the semiconductor/liquid interface, whereas in a photocathode,
electrons drift to the interface. Under photoelectrocatalytic
conditions, an electrical bias is imposed on the semiconductor
material, providing an additional driving force that, depending
on the applied potential, drives one type of charge carrier to the
semiconductor/liquid interface and the other type to be
collected by the counter electrode.
The key to enhancing the photo(electro)catalytic perform-

ance of semiconductors and ultimately realizing the intended
applications resides in the understanding and tailoring of charge
carrier reactions on the surfaces of these light-absorbing
semiconducting materials. Because of the compositional,
morphological, and architectural complexity of hierarchically
constructed semiconductor-based photo(electro)catalytic sys-
tems, it is highly desired to elucidate the charge carrier
behaviors at different structural levels, ranging from the
macro-/mesoscopic level down to the single-/subparticle
level. Characterization of charge carrier behaviors at the
ensemble level (i.e., using bulk semiconductor films) can be
performed using a variety of analytic techniques, such as
photoluminescence spectroscopy, electrochemical impedance
spectroscopy, surface photovoltage spectroscopy and intensity
modulated photocurrent spectroscopy, to name a few.25,26

Recently, nanostructured semiconductor-based photo-
(electro)catalytic systems have been demonstrated to exhibit
enhanced performance toward a broad range of emerging
applications, compared with their unstructured counterparts
that lack nanoscale features. The strong performance of these
nanostructured catalytic systems stems mainly from a large
surface to volume ratio that results in abundant active
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adsorption sites and photo(electro)catalytic reaction sites, and a
significantly shortened characteristic length scale for molecular
diffusion and charge transport; the latter comes from the
reduced particle size, the presence of interconnected porous
networks, and the enhanced photon absorption efficiency
because of a large number of light traveling paths.27−31 These
advantageous features of a hierarchically constructed catalytic
system are essentially governed by the properties of its
nanosized building blocks (i.e., individual semiconductor
nanoparticles); the overall performance of a judiciously devised,
bulk material system can be modulated systematically by tuning
the size, shape, and composition of individual nanoparticles.
However, at the single-particle and subparticle level, the
intrinsic and prevalent structural heterogeneity usually leads
to particle-dependent, facet-dependent, and even single-surface-
site-dependent catalytic properties, which are hidden from
ensemble-averaged measurements.32 Hence it is challenging to
use the conventional ensemble-level characterization techni-
ques to study the charge carrier surface reactions on individual
particles.
Moreover, for further performance improvement with the

aim of developing efficient, robust, and economically viable
photo(electro)catalytic systems, there is ubiquitous need for
surface modification of semiconductor particles with other aid
agents (such as plasmonic metals or cocatalysts), in order to
increase light absorption efficiency, decrease electron−hole
recombination, and enhance stability in humid or liquid
environments.8,19,33−36 Notably, these modifications are usually
performed at the nanoscale, thus leading to an increased
structural complexity of each individual particle, which in turn
exacerbates the heterogeneity issue. Hence it is even more
difficult to decipher the charge carrier properties in these
surface-modified semiconductor particles.
The ultimate metric for evaluating the performance of

photo(electro)catalysts is how well they function for the
intended applications. Such functional evaluation should be
performed by direct quantification of the key parameters that
dictate the catalytic efficacy for the application of interest, for
example the amount of H2 and O2 evolved, and/or the quantity
of electrical energy generated. Fundamental studies on the
charge carrier behaviors of photo(electro)catalysts are truly
useful only when these fundamental properties gained can be
directly related to the functional assessment of these catalysts.
The intrinsic heterogeneity present in nanoscale catalytic
systems makes their accurate functional assessment and faithful
performance interpretation an even bigger challenge. For
example, the ensemble-averaged activity could be dominated
by a small population of highly active catalyst particles.37 In
another case, the photoelectrochemical energy conversion
efficiency of a device composed of individual silicon nanowires
has been shown to be limited by those individual nanowires
with the worst performance.38 Furthermore, it is technologically
challenging to perform functional evaluation on individual
particles or small structural features; for instance, it is difficult
to measure the quantity of gas evolved or the electricity
generated at a single-particle and subparticle level.
Therefore, it is of paramount importance to study the charge

carrier activities of photo(electro)catalysts and evaluate their
functions at the highest spatial resolution possible, i.e., at the
single-particle, and preferably, subparticle level, due to the
prevalence of heterogeneity related to (i) the inevitable
structural variations among individual catalytic particles, (ii)
the increased morphological/architectural complexity in

catalysts upon surface modifications, and (iii) the convoluted
functional contributions from individual nanoscale building
blocks in a realistic bulk catalytic system. In this Perspective,
first, we review in Section 2 the latest developments on
nanoscale imaging of charge carrier activities on single
semiconductor particles, highlighting the progress made toward
differentiating the variation of catalytic properties across
different crystal facets of a single particle, different locations
relative to the loaded plasmonic nanostructures, and different
sites within the same crystal facet. Next, in Section 3, we
provide an account of recent advances that have demonstrated
direct, quantitative, in situ functional evaluation of photo-
(electro)electrodes toward the targeted chemical processes at a
single-particle and subparticle level. Last, in Section 4, we
conclude this review with a discussion on the significance of
establishing relationships between the desired functions of
photoelectrocatalysts and the fundamental underlying charge
carrier behaviors, offering insights into how to improve catalytic
performance by leveraging the underpinning knowledge of
charge carrier activities distilled from fundamental, mechanistic
investigations. Interested readers are referred to other recent
reviews that focus on different aspects of photo(electro)-
catalytic applications.4,7,12,18,23,28,30

2. NANOSCALE IMAGING OF CHARGE CARRIER
ACTIVITY ON SINGLE SEMICONDUCTOR
PARTICLES

Here we discuss the latest work in imaging the activities of
charge carriers on single semiconductor particles down to
nanometer spatial resolution. These studies provide direct
spatial differentiation on a single particle among different
surface facets, different locations relative to loaded plasmonic
nanoparticles, and different sites within a single surface facet. A
number of approaches have been employed. Among them,
single-molecule fluorescence microscopy,39−46 coupled with
fluorogenic probe reactions, directly measures the charge carrier
surface activity on individual nanoparticles; it is quantitative,
with single reaction temporal resolution and nanometer spatial
resolution, and can be carried out in real time under operando
conditions. However, the high sensitivity of single-molecule
fluorescence microscopy comes with the expense of temporal
resolution; ultrafast processes with time scales less than
microseconds are difficult to probe by this technique. Electron
microscopy is another nanometer-resolution approach:47−50 it
can image surface charge carrier activities directly using
appropriate deposition reactions as probes, but can only be
performed ex situ and is not quantitative. Photoluminescence
microscopy51,52 is capable of imaging charger carrier properties,
and can be performed in real time under operando conditions,
but only has diffraction-limited resolution (∼300 nm) and
cannot probe a specific type of surface charge carrier. All these
approaches, although capable of obtaining many insights into
charge carrier activities, cannot directly assess the function of
the semiconductors (for water splitting or oxygen reduction, for
example); this general limitation will be addressed in Section 3
later.

2.1. Facet-Dependent Charge Carrier Activities on
Single-Particle Photo(electro)catalysts. Tachikawa and co-
workers used single-molecule fluorescence spectroscopy to
investigate the facet dependence of photocatalytic activity on
TiO2 anatase crystals,53 which have a plate-like morphology
with dimension of ∼4 μm × 4 μm × 1 μm (Figure 1A). They
used an ultraviolet (UV) light (365 nm) to excite the charge
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carriers in these crystals and probed the photogenerated
electrons on the basal {001} and lateral {101} facets using a
nitro-functionalized BODIPY dye (DN-BODIPY) (Figure 1A).
The photocatalytic reduction of DN-BODIPY generates a
fluorescent product molecule, an amine-functionalized BODI-
PY (HN-BODIPY), whose fluorescence was detected using a
488 nm laser over the course of the experiment. By localizing
the positions of the individual reaction products, they observed
more reaction products on the lateral {101} facet, reflecting its
higher reduction activity than that of the basal {001} facet
(Figure 1B).
They further determined the substrate concentration

dependence of the specific photoreduction rate of the two
types of facets (Figure 1C). Both show classical Langmuir−
Hinshelwood saturation kinetics.54 The lateral {101} facet
shows a higher saturation level (∼4 times), further supporting
its higher reduction activity. Moreover, it also has a larger
adsorption equilibrium constant for the substrate (i.e., K{101} >
K{001}). They attributed the higher reduction activity of the
lateral {101} facet to the presence of defect sites or oxygen
vacancies. On the other hand, the higher reduction activity
could also be due to a larger population of electrons on the
lateral {101} facet, which acts as an “electron reservoir” during
the photogeneration process. Density functional theory (DFT)
calculations55 predicted that the conduction band edge of the
lateral {101} facet is slightly lower in energy than that of the
basal {001} facet in anatase TiO2, leading to a preferential
electron flow toward the lateral {101} facet.
Moreover, using a fluorogenic dye (4-aminophenyl BODIPY,

i.e., H2N-BODIPY) that probes the photogenerated holes,
Majima and co-workers further observed that the basal {001}
facet is more active for oxidative reactions, suggesting a
preferential population of photogenerated holes at the basal
facets, different from the behavior of electrons, which

preferentially populate the lateral {101} facets. This difference
in preference suggests a natural spatial separation of photo-
generated electrons and holes toward different facets on a single
anatase TiO2 crystal, which is expected to reduce the
recombination probability, leading to enhanced photocatalytic
activity.
Li and co-workers studied the electron and hole activities on

different facets of monoclinic decahedral-shaped bismuth
vanadate (BiVO4) microcrystals (a few microns wide and ∼1
μm high in dimension) by monitoring the photocatalytic
deposition of metal or metal oxide via scanning electron
microscopy (SEM).47 They mixed a series of metal ion
precursors (e.g., PtCl6

4−, Ag+, HAuCl4
−, Pb2+, and Mn2+)

individually with BiVO4 crystals and irradiated them using a Xe
lamp (λ > 420 nm). The presence of PtCl6

4−, Ag+, or HAuCl4
−

ions led to the formation of photoreduced metallic nano-
particles (confirmed via X-ray photoelectron spectroscopy)
preferentially on the basal {010} facets (Figure 2A). In contrast,
the presence of Pb2+ or Mn2+ ions led to the formation of
photooxidized PbO2 and MnOx (x = 1.5−2) particles
preferentially on the lateral {110} facets (Figure 2B).
They proposed that the preferential formations of the

photoreduced metal nanoparticles on the basal {010} facets and
of the photooxidized metal oxide particles on the lateral {110}
facets reflect the more availabilities of electrons and holes on
the {010} and {110} facets, respectively. In other words, facets
have distinct preferences for different charge carriers (the
possibility that different metal ion precursors adsorb preferen-
tially was ruled out by changing precursor charges and
isoelectric point measurements of the facets). Using DFT
calculations, they further showed that the conduction band
edge of the lateral {110} facets is ∼0.37 eV higher in energy
than that of the basal {010} facet, while the valence band edge
of the lateral {110} facet is also higher (by ∼0.42 eV). These
energy differences result in an electron flow from the lateral
{110} facets to the basal {010} facets and a concurrent hole
flow in the opposite direction upon light excitation, giving rise
to charge separation toward different facets.
The facet-selective photodeposition of metals or metal oxides

was also observed when a mixture of precursors were used
(Figure 2C and D). Li and co-workers envisioned that the
presence of both metals and metal oxides on different surface
facets would facilitate charge carrier separation on the same
crystal (e.g., Ag/MnOx/BiVO4, and Pt/PbO2/BiVO4). When
used for photocatalytic water oxidation, these modified BiVO4
crystals indeed showed higher O2 evolution activities,
presumably due to enhanced charge separation, than those
BiVO4 crystals on which the metal and metal oxide cocatalysts
were deposited randomly via impregnation (Figure 2E).
In a related study earlier than Li et al., Majima’s group

performed photodeposition of Pt and Au nanoparticles on
TiO2 mesocrystals and observed preferential deposition on the
lateral anatase {101} facets.48 Chamtouri et al.49 extended a
similar approach to study the solvent effect on photodeposition
of metals on the {001} and {101} facets of TiO2 anatase
microcrystals that were used by Majima et al.
Using single-particle spectroelectrochemistry, Tachikawa and

co-workers measured the single-particle photoluminescence
(PL) of the same type of BiVO4 microcrystals on an electrode
in an electrolyte environment across a range of electrochemical
potentials (Figure 3A).51 Under 405 nm laser excitation, the PL
of these BiVO4 crystals peaks at ∼670 nm and results from the
radiative recombination of conduction-band electrons and holes

Figure 1. Facet-dependent charge carrier activities on TiO2 anatase
microcrystals as photocatalysts. (A) Photoreductive process on the
surface of a TiO2 anatase crystal using a BODIPY dye derivative (DN-
BODIPY) as a fluorogenic reductive probe. (B) Optical transmission
image of a TiO2 anatase crystal with detected reductive product
positions mapped on the lateral {101} (red dots) and basal {001}
facets (blue dots). (C) Specific reaction rate vs substrate concentration
on the two types of facets. Panels reproduced from reference 53.
Copyright 2011, American Chemical Society.
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trapped at electronic states within the bandgap (i.e., trap
states). These crystals (a few micrometers wide and ∼1 μm
high in dimension) are also much larger than the diffraction-
limited resolution so that the PL could be resolved between the
lateral {110} and basal {010} facets within a single particle
under wide-field illumination and imaging conditions (Figure
3B). A positive potential of 2.05 V increases the number of
holes at the trap states, which can recombine with conduction
band electrons radiatively, resulting in an enhanced PL
intensity. At a negative potential of −0.45 V, no holes at the
trap states are available, and thus their radiative recombination
with the conduction band electrodes is disrupted, leading to the
PL quenching. At such a negative potential, the nonradiative
recombination between the valence band holes and conduction
band electrons should be the dominant process.
With the applied potential going more positive, they

observed an enhanced PL, but the degree of enhancement
differs on the lateral vs basal facets (Figure 3B, upper). With
increasingly positive potentials, the PL enhancement of the

lateral facets onsets at ∼1.62 V vs RHE (i.e., E+), earlier than
that (∼1.7 V) for the basal facets (Figure 3C), indicating that
the gap states where the photogenerated holes are trapped are
easier to be depleted by the positive potential and thus higher
in energy at the lateral facets than those at the basal facets. The
amplitude of PL enhancement is also larger at the lateral facets,
suggesting a higher density of these gap states there (Figure
3D). Both the higher energy and the higher density of these gap
states on the lateral {110} facets suggest a preference for the
holes to reside there than on the basal {010} facets. Using a
fluorogenic oxidation reaction that probes surface holes (Figure
3E), they further imaged where the fluorescent reaction
product would preferentially form on individual microcrystals.
Significantly more products were detected at the lateral facets
(Figure 3F), further supporting the more availability of surface
holes here, consistent with the observations of Li and co-
workers described above.47

With the applied potential going more negative, they
observed PL quenching. The quenching is uniform across the
lateral and basal facets (Figure 3B, lower) in contrast to the
behavior of facet-dependent PL enhancement observed at

Figure 2. Facet-dependent charge carrier activities on BiVO4
microcrystals as photocatalysts. (A−D) SEM images of photo-
deposited Pt (A) and PbO2 particles (B) on monoclinic BiVO4
crystals on {010} and {110} facets individually, or using a combination
of precursors giving Ag/MnOx/BiVO4 (C), and Pt/PbO2/BiVO4 (D).
(E) Photocatalytic water oxidation performance of BiVO4 in 0.02 M
NaIO3 aqueous solution, irradiated by a Xe lamp (λ > 420 nm).
Impregnation and photodeposition methods abbreviated as (imp) and
(P.D.), respectively. Panels reproduced from reference 47. Copyright
2013, Nature Publishing Group.

Figure 3. Facet-dependent charge carrier activities of BiVO4
microcrystals as photoelectrodes. (A) Experimental setup for single-
particle PL measurements in a photoelectrochemical cell by Tachikawa
et al.51 (B) Captured PL images of a single BiVO4 crystal at various
applied potentials vs RHE under wide-field 405 nm laser illumination.
Scale bars: 1000 nm. (C) Histogram of facet-resolved E+ (onset
potential at which PL is enhanced) for individual BiVO4 crystals. (D)
Histogram of facet-resolved PL enhancement for individual BiVO4
crystals (ΔI+ = I+ − I0; I+ and I0 are PL intensities in the presence and
absence of an applied positive potential, respectively). The black lines
are Gaussian fits. (E) A fluorogenic hole probe reaction. (F)
Fluorescence image of a single BiVO4 crystal on a cover glass
undergoing the probe reaction in panel E without applying potential.
Panels reproduced from reference 51. Copyright 2016, American
Chemical Society.
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positive potentials. The same extent of negative-potential-
induced PL quenching between the lateral and basal facets
indicates that the conduction band edge is equivalent across
these two types of facets and the photoexcited electrons are
equally available across both facets. This observation differs
from the conclusion by the Li group that photogenerated
electrons are more available on the basal facet.47

These different conclusions might come from the difference
in their experimental conditions: Tachikawa’s experiments were
carried out with an electrode where the applied electrochemical
potential may change the relative conduction band energies of
the different facets, whereas Li’s experiments were carried out

without electrochemical control over the potential of the
semiconductor material but their depositions of metals and
metal oxides could alter the intrinsic energy levels of the
respective facets.
Xu, Alivisatos, and co-workers used single-molecule

fluorescence microscopy to study the photocatalytic properties
of Sb-doped TiO2 anatase nanorods (Sb-TiO2) of ∼3 nm in
diameter and 90−150 nm in length (Figure 4A).56 Under 514
nm light excitation, the photogenerated holes and electrons
react with surface adsorbed H2Oads/OH

−
ads or O2,ads and

generate hydroxyl radical (OH•
ads) or superoxide radical

(O−•
2ads), respectively (Figure 4B). Both radicals can be

Figure 4. Activity differences at side facets vs ends of Sb-TiO2 nanorods. (A) Transmission electron microscopy (TEM) image of Sb-TiO2 nanorods
(∼125 nm length and ∼3 nm diameter). (B) Photogeneration of reactive radicals upon illumination of Sb-TiO2 nanorods with 514 nm laser, in
which hole and electron react with adsorbed H2O/OH

− and O2 and produce hydroxyl radical and superoxide radical, respectively. (C) Total internal
reflection fluorescence (TIRF) setup and fluorogenic probe reaction for single-molecule fluorescence imaging. (D−H) The time sequence of 2D
histograms of every 2000 product molecules in 102 nm2 bins. The yellow dashed lines indicate the upper and lower boundaries of the nanorod.
Panels reproduced from reference 56. Copyright 2015, National Academy of Sciences.

Figure 5. Surface electron activity and localization on Au/TiO2 and TiO2 particles. (A) SEM image of Au/TiO2 particles. Blue arrows indicate the
positions of gold nanoparticles on the TiO2 particle. (B) Photocatalytic reduction reaction of DN-BODIPY derivatives to the corresponding
fluorescent HN-BODIPY derivatives. (C−D) Locations of detected fluorescent products on a single TiO2 (C) and 14 nm Au/TiO2 (D) particle.
The red circles in panel D are eye guides of clustering effects. (E) Overlaid SEM image of a Au/TiO2 particle with corresponding detected reaction
product locations. Red and blue circles surround the reactive sites and the gold nanoparticle, respectively. (F) Schematic illustration of proposed
charge carrier excitation, separation, and transfer mechanisms for Au/TiO2 systems under 365 nm (left scheme) or 488 nm (middle and right
schemes) laser excitations. Panels A−E reproduced from references 59, 60. Copyrights 2011 and 2013, Royal Society and American Chemical
Society. Panel F redrawn based on the work in reference 59.
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probed by the molecule amplex red to generate the fluorescent
product resorufin (Figure 4C), a fluorogenic reaction that was
earlier used to study single metal nanoparticle catalysis;57 and
the fluorescence of the product was induced by the same 514
nm laser.
They mapped the product locations on individual Sb-TiO2

nanorods over a period of many hours and observed that the
spatial pattern of reactions changed over time (Figure 4D−H).
At the beginning, more reactions were observed at the center of
individual nanorods while much fewer were observed at the two
ends (Figure 4D). Over time, more reactions were observed at
the two ends, while fewer were observed at the center (Figure
4H).
Assuming that the surface active sites are low coordination

surface sites, Xu, Alivisatos, and co-workers attributed the initial
activity of the nanorod center to the presence of a higher
structural defect density resulting from the seeded-growth
mechanism of these nanorods, following the rationale of Zhou
et al. in explaining the spatial reactivity patterns along the sides
of single Au nanorods.58 For the two ends of the Sb-TiO2
nanorods, which in general have higher percentages of low-
coordination corner and edge sites and are thus expected to
have higher activity as well, they attributed their observed low
initial activity to inhibition by some inert adsorbates. Why these
adsorbates would only inhibit the low coordination sites at the
ends but not at the nanorod center was unexplained, however.
They further attributed the activity decay of the nanorod

center over time to either inhibition by catalytic products, or
surface reconstruction that results in the loss of low
coordination sites. The activity increase of the two ends over
time was attributed to either desorption of those inert
adsorbates, which made more surface sites available, or surface
reconstruction that generated more low coordination sites at
the ends over time. The latter is less likely, however, as surface
reconstruction typically leads to more stable surfaces, i.e.,
higher coordination surface sites. Moreover, why the product
inhibition does not occur at the nanorod ends was unexplained.
2.2. Charge Carrier Activity and Localization on Single

Plasmonic-Metal/Semiconductor Heteronanostructure
Particles. Plasmonic nanoparticles are often used to modify
semiconductor particles to improve their photocatalytic proper-
ties. Majima and co-workers have used single-molecule super-
resolution fluorescence imaging to investigate the photo-
reductive activities of Au nanoparticle modified anatase TiO2
particles (i.e., Au/TiO2) in comparison with the unmodified
TiO2 nanoparticles.

59,60 The anatase TiO2 particles are irregular
in shape with size of ∼100−200 nm; the Au nanoparticles used
are ∼5, 8, and 14 nm in size (Figure 5A). The fluorogenic
probe reaction was the photocatalytic reduction of 3,4-
dinitrophenyl-BODIPY (DN-BODIPY) sulfonate in Ar-satu-
rated aqueous or methanol solution (Figure 5B), similar to that
in Figure 1A, which produces the fluorescent HN-BODIPY
derivatives whose fluorescence was induced by a 488 nm laser.
Methanol was used to scavenge the photogenerated holes in the
reaction.
Using 365 nm light that can excite electrons across the

bandgap of anatase TiO2, they observed that the photoreduced
products are randomly distributed across the unmodified TiO2
particles (Figure 5C), indicating the photogenerated electrons
are equally present on their surface sites. In contrast, on the
Au/TiO2 particles, the detected photoreduced products tend to
cluster spatially to subdiffraction limited regions of ∼50 nm
(Figure 5D), and the number of clusters scales with the average

number of Au nanoparticles on each TiO2 particle. Majima and
co-workers attributed this spatial clustering to the facile transfer
of the photogenerated conduction band electrons on TiO2 to
the Au nanoparticle (Figure 5F, left), on which most of the
photoreductive probe reactions occur. Moreover, the overall
photoreductive activity per TiO2 particle increases in the
presence of Au nanoparticles likely because of the improved
charge separation on these Au/TiO2 heteronanostructures as
well as of the higher catalytic activity of Au particle surfaces.
They further observed that smaller Au nanoparticles show
higher activity for the photoreductive reactions; they
rationalized it by the lower electron storage capacity of the
smaller Au nanoparticles, which leads to faster interfacial
electron transfer from the Au nanoparticles to the adsorbed
reactants.
In the absence of the 365 nm light, the 488 nm laser that

induces the product fluorescence cannot excite the TiO2
particles across the bandgap. Majima and co-workers did not
observe significant photoreductive reactions on either TiO2 or
Au particles, expectedly, but still detected reactions on Au/
TiO2 particles, whereby the products there were clustered
around Au nanoparticles (Figure 5E). As 488 nm can only
cause sub-bandgap excitation of TiO2, which is typically
inefficient, they rationalized that the observed photoreductive
activity on Au/TiO2 particles should result from Au-plasmon
enhanced photoexcitation on TiO2 that occur around the Au
nanoparticle (Figure 5F, middle).
However, the photoexcited electrons from such Au-plasmon

enhanced sub-bandgap photoexcitation of TiO2 should also be
able to transfer to the Au nanoparticle, leading to charge
separation as in the mechanism of Figure 5F left, and
subsequently undergo reductive reactions more efficiently
(Figure 5F, middle).
Alternatively, Majima et al. thought the 488 nm light could

also excite the surface plasmon of Au nanoparticles, and the
resulting hot electrons could transfer to the TiO2 particle,
leading to photoreductive reactions around the Au nanoparticle
(Figure 5F, right).
Fang, Vela, and co-workers performed a similar study of

plasmonic metal−semiconductor heteronanostructures on Au-
CdS nanorods, in which Au nanoparticles of 2−7 nm in size
were grown at the two ends of CdS nanorods of ∼186 nm in
length and ∼6 nm in diameter (Figure 6A).61 The fluorogenic
oxidation of amplex red to resorufin57,58 was used as a probe
reaction in their single-molecule imaging experiments (Figure
6B). Both H2O2 and O2 were present in their aqueous reaction
solution. H2O2 can be oxidized by the photogenerated holes to
produce hydroxyl radicals, which can oxidize amplex red to
resorufin, effectively making this fluorogenic reaction a hole
probe reaction. On the other hand, O2 can be reduced by the
photogenerated electrons to become superoxide O2

−, which
can also oxidize amplex red to resorufin, effectively making this
fluorogenic reaction an electron probe reaction. They were able
to use the product residence time on the nanoparticle to
differentiate these two reaction pathways in which the
negatively charged resorufin molecules desorb more quickly
on the reactive sites around photogenerated electrons than
those reactive sites around photogenerated holes, even though
the same probe molecule amplex red and the same fluorescent
product molecule resorufin were involved in both pathways.
In the presence of a 532 nm laser, which excites the

fluorescence of the reaction product resorufin as well as the
surface plasmon of the Au nanoparticle, but cannot cause the
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bandgap excitation of CdS, Fang et al. observed that both the
hole-induced and electron-induced fluorescent reaction prod-
ucts tend to cluster at two separate locations (Figure 6C,
lower), presumably at the two ends of individual Au-CdS
nanorods, and the electron-induced reaction products are
located closer to the middle of the nanorod. This observation
supports the mechanism that upon exciting the Au nano-
particles, the holes stay on the Au nanoparticles while the
electrons are transferred to the nearby sites of CdS nanorods,
leading to charge separation (mechanism A; Figure 6C, upper).
In contrast, in the presence of an additional 405 nm laser,
which can cause bandgap excitation of CdS directly, the hole-
induced reaction products are delocalized, while the electron-
induced reactions are localized at the two ends (Figure 6D,
lower) (the 532 nm laser is still present, as it is required to
excite the product fluorescence and it also excites the Au
nanoparticle plasmon). This observation reflects an opposite
charge separation direction, in which the photogenerated
electrons transfer to the Au particle and the holes accumulate
on the CdS nanorod (mechanism B, Figure 6D, upper). These
observations and mechanisms are consistent with those for the
Au/TiO2 systems studied by Majima et al. (Figure 5).59,60

2.3. Intrafacet Spatial Correlation of Holes and
Electrons on Single-Particle Photoelectrodes. While the
earlier single-molecule fluorescence imaging studies in Sections
2.1 and 2.2 focused on charge carrier activities on photocatalyst
surfaces in the absence of electrochemical control, our group
examined the photoelectrocatalytic processes on TiO2 nano-
rods under photoelectrochemical water oxidation conditions.62

These nanorods are 127 ± 27 nm in width and 1735 ± 437 nm

in length, and are single crystals with well-defined {100} side
facets (Figure 7A).62,63 We dispersed them on a transparent
ITO working electrode in a microfluidic photoelectrochemical
cell (Figure 7B) and used them as photoanodes to oxidize
water under an applied electrochemical potential and 375 nm
laser excitation, which excites charge carriers across TiO2’s
bandgap. To probe the charge carrier reactions on the TiO2

surface, we doped the electrolyte solution with a low
concentration of the fluorogenic redox-selective probe molecule
amplex red or resazurin (Figure 7C). Under oxygen-free
conditions, amplex red selectively probes hole-induced
oxidation reactions; resazurin selectively probes electron-
induced reduction reactions. Both reactions produce the
fluorescent molecule resorufin, whose fluorescence was induced
by a 532 nm laser, and imaged at the single-molecule level
(Figure 7B).
Under steady-state photoelectrochemical water oxidation

conditions, where the photoanodic current is dominated by
water oxidation, we mapped the hole-induced and electron-
induced reactions on individual TiO2 nanorods at nanometer
precision across a range of electrochemical potentials (Figure
7D). Strikingly, we found that the reaction rates are
nonuniform along the length of each nanorod: some nanorods
exhibit hotspots of activity while others exhibit more
delocalized reaction distributions, even though the same
{100} crystal facets span the entire length (Figure 7A).
These nonuniform activities indicate that the higher activity
sites are not the {100} facet sites but probably regions with
surface structural defects or impurity metal atoms, which are
discernible by electron microscopy and elemental analysis,
respectively.62

Surprisingly, we found that there is a strong spatial
correlation between hole- and electron-induced reactions on
each nanorod (Figure 7E): wherever more hole-induced
reactions were observed at more positive potentials, more
electron-induced reactions were also observed at more negative
potentials (Figure 7D), indicating that holes and electrons tend
to reach and react at the same surface sites within a given
nanorod facet and there is no significant lateral charge
separation. With increasingly positive potentials, hole-induced
reaction rates increase while electron-induced reaction rates
decrease, as expected (Figure 7F). Interestingly, even at
sufficiently positive potentials where there is a significant
anodic current (>−0.3 V vs Ag/AgCl electrode; see later), the
electron-induced surface reactions are still detectable, reporting
the photogenerated electrons that escape from being collected
by the ITO electrode and participate instead in surface
reactions (i.e., surface recombination).
The potential dependences of hole-induced and electron-

induced reaction rates allowed us to extract two effective rate
constants kh and ke that reflect the local hole and electron
activities on TiO2 nanorod surfaces, respectively. kh of any
nanorod spot is strongly correlated with its ke, further
supporting that photogenerated holes and electrons prefer to
reach and react at the same sites (Figure 7G). This spatial
correlation of hole and electron reactions reflects a dual
oxidation−reduction activity for the surface active sites and has
functional implications for the underlying photoelectrochemical
water oxidation processes (see Section 3.2 later).

Figure 6. Charge carrier separation and activity on Au-CdS nanorods.
(A) TEM image of Au-tipped CdS nanorod heteronanostructures. (B)
Experimental scheme using total internal reflection fluorescence
microscopy to probe the fluorogenic oxidation of nonfluorescent
amplex red to highly fluorescent resorufin catalyzed by Au-CdS
nanorods under light excitation. (C) Upper: schematic of photo-
catalysis “mechanism A” under 532 nm excitation. The photo-
generated energetic electrons of Au nanoparticle are injected to the
conduction band (CB) of the semiconductor CdS. Lower: super-
resolution mapping of fluorescent reaction products. (D) Same as
panel C, but illustrate the photocatalysis “mechanism B” under 405 nm
excitation, where the photogenerated electrons in the CB of the
semiconductor are rapidly trapped by the Au nanoparticle. Panels
reproduced from reference 61. Copyright 2014, American Chemical
Society.
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3. FUNCTIONAL EVALUATION OF SINGLE-PARTICLE
PHOTOELECTRODES

The single-molecule single-particle imaging approaches dis-
cussed in Section 2 are powerful with regard to their nanometer
spatial resolution, single-molecule sensitivity, and operando
measurements. Nevertheless, these studies probe merely the
charge carrier behaviors of the nanoscale photo(electro)-
catalysts, and do not target directly the chemical processes
that the photo(electro)catalysts are meant for, for example,
water oxidation, proton reduction, or oxidation of pollutants.
The measured charge carrier activities on the surface of
individual photo(electro)catalyst particles may or may not
directly relate to their performance for the targeted functions.
Therefore, quantitative evaluation of the functional perform-
ance of photo(electro)catalysts at the single- to subparticle level
is necessary and remains a nontrivial task. Ensemble activity
measurements of photo(electro)catalysts toward targeted
chemical processes such as oxygen evolution and proton
reduction reactions can effectively offer information on these
catalysts’ function, but they lack the single- to subparticle level
information (e.g., Figure 2E). Photoluminescence can be
measured on single semiconductor particles (e.g., Figure 3)
and be related to their photocatalytic activities,48,64 but this
relation is deduced via pre-established correlation, and thus
photoluminescence is merely an indirect performance metric.
Measuring the targeted reaction products such as O2 and H2

would be desired but remains a significant challenge at the
single- or subparticle level under photo(electro)catalytic
conditions. In principle, it is possible to correlate measurable
single-particle-level optical signals (e.g., light scattering
intensity)65,66 with the quantity of gas evolved from a single
catalyst particle, based on a predetermined calibration
relation.67 However, it is more difficult to quantify the evolved
gas at the subparticle level, which has yet to be achieved. More
importantly, for photoelectrocatalytic processes, the photo-
electrochemical current is the key metric that quantifies directly
the overall performance of the semiconductor materials. Here
we focus on two recent studies that have pushed the
photoelectrochemical current measurements down to the
single-particle and subparticle level under photoelectrochemical
proton reduction and water oxidation conditions.

3.1. Photoelectrochemistry of Single Silicon Nanowire
Photocathodes. To measure the photoelectrochemical
current of individual semiconductor nanostructures, Yang and
co-workers38 grew vertically aligned Si nanowires through a
vapor−liquid−solid (VLS) method on a patterned device. Each
nanowire (8−20 μm in length and 500−800 nm in diameter)
stands on an isolated silicon electrode that is individually
connected to external circuits for electrical measurements
(Figure 8A). The Si nanowires were further decorated with Pt
nanoparticles by impregnation in a solution of HF/K2PtCl6.
The Pt nanoparticles act as a cocatalyst that facilitates the

Figure 7. Hole and electron activity mapping within the same facets of single TiO2 nanorods under photoelectrochemical water oxidation. (A) TEM
image (top) and cartoon (bottom) of a nanorod. (B) Experimental setup for wide-field single-molecule fluorescence imaging of photoelectrocatalysis
via two-laser total internal reflection excitation, or for subnanorod photocurrent measurements via focused laser excitation, in a three-electrode
microfluidic photoelectrochemical cell. (C) Redox-selective fluorogenic reactions. (D) Two-dimensional histogram (40 nm × 40 nm pixels) of all
individual resorufin product molecules generated from hole-induced amplex red oxidation reactions at E ≥ −0.3 V vs Ag/AgCl electrode (left) and
electron-induced resazurin reduction reactions at E ≤ −0.4 V (right) on a single TiO2 nanorod. Solid white line: nanorod structural contour from
SEM. Dashed white circles: focused 375 nm laser spots for photocurrent measurements and OEC deposition. Scale bar = 400 nm. (E) Pixel-to-pixel
correlation (red dots) between the two-dimensional histograms of hole- and electron-induced surface reactions in D for the whole nanorod with a
cross-correlation coefficient of ρ = 0.84 ± 0.01. Black squares: binned and averaged data. Black line: linear fit. (F) Potential dependences of the
specific hole-induced amplex red oxidation rate vAR (square symbols) and the specific electron-induced resazurin reduction rate vRz (triangle symbols) at spots
S1 and S2 on the nanorods in panel D. Solid lines: fits of theoretical modeling.62 (G) Correlation between the effective hole activity and electron
activity rate constants, kh and ke, for many nanorod spots (dots), with cross-correlation coefficients ρ(kh, ke) = 0.75 ± 0.03. Solid triangles: binned
and averaged data. Lines: linear fits. Panels reproduced from reference 62. Copyright 2016, Nature Publishing Group.
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proton reduction reaction (i.e., hydrogen evolution reaction).
Under simulated sunlight illumination and in an acidic
electrolyte solution, the photocathodic currents of individual
nanowires could be measured sensitively while scanning the
applied potential (Figure 8B). The photocurrents directly
reflect the efficiency of proton reduction reactions on the
silicon nanowires and are stable over multiple scan circles.
The electron flux from the entire surface of each individual

nanowire (i.e., Fluxwire) was quantified using the well-defined
nanowire geometry and single-wire photocurrents. By examin-
ing many individual nanowires, they found that those with
larger diameter and shorter length generate higher (∼6 times)
flux of electrons under one-sunlight illumination conditions,
highlighting the importance of nanowire geometry in photo-
electrochemical devices (Figure 8C). Reduced electron flux on
a single nanowire could potentially alleviate the requirement on
the turnover frequency of loaded catalysts, and thus decrease
the overpotential. Moreover, they found that the photovoltage
output of an ensemble array of nanowires is limited by
individual nanowires with poor performance, suggesting the
necessity of improving nanowire homogeneity within an array.
Because of the small size of the patterned electrodes, this

device approach by Yang and co-workers has very low
background currents, enabling sensitive measurements of
photoelectrochemical currents down to the pA level. The
patterned device also naturally provides a multiplexed measure-
ment, as many nanowires are present, although the individual
nanowires’ photoelectrochemical properties need to be
measured one at a time. Besides photoelectrochemistry,
electrochemical properties (i.e., without illumination) can be
equally investigated. This approach lacks subparticle informa-
tion, however, as the photoelectrochemical processes at all
possible surface sites on each nanowire contribute to the
measured current.

3.2. Subparticle Photoelectrochemical Current Map-
ping of TiO2 Nanorods. Building on our single-molecule
fluorescence imaging of charge carrier reactions on single TiO2
nanorods, we have used a photocurrent microscopy approach
to evaluate the catalytic performance of TiO2 nanorods toward
photoelectrochemical water oxidation reactions down to the
subparticle level. To do so, we focused a 375 nm laser to a
diffraction-limited spot (∼390 nm in diameter) on a single
TiO2 nanorod to excite charge carriers locally while measuring
the photoelectrochemical current through the entire ITO
working electrode (Figure 7B). The current is dominated by
the water oxidation reactions62 and should reflect the local
performance of the illuminated spot of the TiO2 nanorod.
We further used the hole- and electron-induced reaction

maps (Figure 7D) as a guide, so as to measure purposely the
photoelectrochemical current at an activity hotspot or at a spot
with low charge carrier surface activities. The photocurrent-vs-
potential behavior differs on spots taken on the same nanorod
(Figure 9A), immediately showing subnanorod photoelectro-

chemical behaviors. Using a modified Ga ̈rtner−Butler
model68,69 and a Reichman model,70 we were able to analyze
the dependences on the applied potential of photocurrent,
hole-induced amplex red oxidation rate, and electron-induced
resazurin reduction rate (Figure 9A and Figure 7F).62,71 For
each nanorod spot, this quantitative analysis allowed us to
extract out η, an absorbed-photon-to-current efficiency within
the depletion layer, Eon,GB, the photocurrent onset potential
predicted by the Gar̈tner-Butler model, as well as kh and ke, two
effective rate constants that represent hole and electron surface

Figure 8. Single-nanowire photoelectrochemistry. (A) SEM image of
individually addressable single Si nanowires vertically grown on
isolated electrodes. Scale bar = 10 μm. (B) I−V characteristics of
single-nanowire devices. (C) Statistical distribution of saturated
Fluxwire as a function of length (L) and diameter (D) of individual
nanowires. Each data point represents a repeatable measurement of
one single-nanowire device. Panels reproduced from reference 38.
Copyright 2016, Nature Publishing Group.

Figure 9. Correlation between charge carrier surface activity and
photoelectrochemical performance of single TiO2 nanorods. (A) i−E
curves from spots S1 and S2 in Figure 7D before and after OEC
deposition. Lines: fits of theoretical models. (B) Correlation between
the photocurrent efficiency η and the onset potential Eon,GB for many
individual spots before and after OEC deposition. Upper and right:
histograms of η and Eon,GB. (C) Correlation of effective hole rate
constant kh with the photocurrent efficiency η for many individual
spots with cross-correlation coefficients ρ(kh, η) = 0.45 ± 0.06. Solid
squares: binned and averaged data. Lines: linear fits. (D) Schematic of
“redox-cycling” of surface active sites under photoanodic water
oxidation conditions. Panels reproduced from reference 62. Copyright
2016, Nature Publishing Group.
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activities, respectively. Interestingly, η of individual spots have
no significant correlation with their Eon,GB, indicating that a
higher efficiency site does not necessarily has a lower onset
potential (Figure 9B). Expectedly, η of individual nanorod
spots are strongly correlated with their kh (Figure 9C), as water
oxidation is mediated by surface holes. This correlation also
validates that surface hole activities are effective indicators and
perhaps determinants of the underlying water oxidation
efficiencies.
Moreover, kh for each spot is also strongly correlated with its

ke value (Figure 7G), further supporting the idea that
photogenerated holes and electrons prefer to reach and react
at the same sites. Importantly, the strong correlation between η
and surface hole and electron activities suggests that the
nanorod sites exhibiting higher water oxidation efficiency
effectively mediate both oxidation and reduction reactions
(which of the two processes dominates depends on the applied
potential), making these sites also more effective for surface
recombination than the lower efficiency sites. We conjecture
that this dual oxidation−reduction activity might be helpful for
efficient redox cycling at the high efficiency sites during
photoelectrochemical water oxidation (Figure 9D). Under
continuous photoelectrochemical water oxidation, when the
photogenerated holes migrate to the TiO2 surface, the surface
sites become oxidized. When the surface sites transfer the holes
subsequently to adsorbed OH− or H2O to oxidize them, surface
sites themselves become reduced, resulting a complete redox
cycling. Therefore, sites that have dual oxidation−reduction
activities would be more efficient for water oxidations. On the
other hand, when some electrons diffuse to surfaces (i.e., not
completely extracted away by the electrode), the same sites
would be more capable of accepting the electrons to undergo
the same redox cycle, but just in an opposite direction.
Compared with the nanowire device approach in Figure 8,

our photocurrent microscopy approach offers subparticle
resolution, low cost (because no microfabrication is involved),
and direct compatibility with optical microscopy, enabling
direct measurements of surface charge carrier activities via
fluorescence imaging experiments. However, the photocurrent
measurements are very laborious, one spot at a time. Because of
the large surface area of the ITO electrode, the background
current is also very high, limiting the sensitivity to nA level at
the moment. Using fabricated ITO microelectrodes could
significantly increase the sensitivity, but the cost would increase.

4. IMPROVING PHOTOELECTRODE PERFORMANCE
USING KNOWLEDGE OF CHARGE CARRIER
SURFACE ACTIVITIES

The single-molecule single-particle level measurements of
charge carrier activities on photo(electro)catalysts provide
fundamental knowledge in understanding their properties for
function. The ultimate goal of gaining this knowledge is of
course to use it to guide the improvement of existing
photo(electro)catalysts’ function or the design of new ones.
For photoelectrocatalysts, one way to improve their function is
to modify them with cocatalysts, such as oxygen evolution
catalysts (OECs) for semiconductor photoanodes in photo-
electrochemical water oxidation.72,73 However, because excess
OEC material can hinder light absorption and decrease
photoanode performance, its deposition needs to be carefully
controlled. Yet it is unclear on what types of semiconductor
surface sites OECs should be deposited to achieve optimal
performance improvements, as various surface sites are present

even on single crystals of semiconductors. This surface
heterogeneity is more severe for nanostructured photoanodes
that are desired materials because of their small charge carrier
transport distances.37,74,75

We have used the super-resolution maps (Figure 7D) of
hole- and electron-induced reactions to guide the deposition of
an OEC at charge carrier activity hotspots or low activity
regions on single TiO2 nanorod photoanodes.

62 To achieve this
site-selective deposition, we focused a 375 nm laser onto a
target spot and deposited an amorphous cobalt-oxide-based
OEC72,73 photoelectrochemically (Figure 7B). The local
generation of charge carriers results in the deposition of the
OEC at the laser focus spot (Figure 10A). Subsequent
photocurrent-vs-potential measurements at the deposition
spots showed that expectedly, OEC deposition in general
leads to an increase of photocurrent efficiency η and a negative
shift of the onset potential Eon,GB across many individual
nanorods (Figure 10B). At the individual spot level, the effect
from OEC deposition varies significantly, however. For almost

Figure 10. Identifying optimal OEC sites and rational engineering of
photoanodes. (A) SEM image of the TiO2 nanorod with OEC
deposited at spot S1 and S2 as in Figure 7D. (B) Correlation between
ΔEon,GB (= Eon,GB,OEC − Eon,GB) and Δη (= ηOEC − η) for many
nanorod spots (red circles). Black squares: binned and averaged. Black
line: linear fit. (C) Relative change in absorbed-photon-to-current
efficiency (Δη/η) versus initial η for many nanorod spots (open
circles). (D) Relative change in onset potential (−ΔEon,GB/Eon,GB)
versus initial Eon,GB (open circles), where negative values represent
negative shifts in Eon,GB. (E) Catalyst coverage vs kh. Black squares in
panels C−E: binned and averaged data. Black lines: spline
interpolations. (F) Proposed block−deposit−remove strategy, which
has the potential to selectively deposit a desired OEC on low-activity
and positive onset potential sites. Panels reproduced from reference
62. Copyright 2016, Nature Publishing Group.
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all spots, the photocurrent efficiency η increases (i.e., Δη > 0;
Figure 10B). For Eon,GB, a minor but significant fraction
(∼16%) show positive shifts (i.e., ΔEon,GB > 0; Figure 10B). For
spots exhibiting the expected ΔEon,GB < 0, the magnitude of
ΔEon,GB is smaller for spots with larger Δη (Figure 10B).
Therefore, at the subnanorod level, photocurrent enhancement
from OEC deposition on these nanorods are not necessarily
accompanied by negative shifts in Eon,GB, and the magnitudes of
their changes can be anticorrelated.
Most strikingly, we found that the relative (as well as

absolute) changes in η and Eon,GB show strong negative
correlations with their initial values before OEC was deposited.
Spots with smaller initial η, characterized also by lower surface
hole and electron activities, show larger enhancements (Figure
10C). Spots with more positive initial Eon,GB exhibit larger
negative shifts in Eon,GB (Figure 10D). The negative correlations
immediately identify the optimal sites for OEC deposition: for
photocurrent enhancement, they are those with the lowest hole
and electron activities, while for onset potential reduction, they
are those with the most positive Eon,GB.
The identification of these optimal sites also highlighted the

challenge of trying to engineer photoanodes with a minimal
amount of catalyst. First, under typical photoelectrodeposition
(or photodeposition) conditions, more catalyst material is
deposited onto higher-activity sites (e.g., Figure 10E and
references76,77) that show less OEC-induced photocurrent
enhancement. Second, upon scanning the potential positively,
OEC deposition is expected to initiate earlier at sites with more
negative Eon,GB. Both effects deposit more catalyst where it is
least needed. We proposed to circumvent this problem with a
block−deposit−remove strategy based on the function of
semiconductor surface sites without needing to know their
atomistic structures (Figure 10F). In this strategy, one could
first block sites with more negative Eon,GB and higher η by
photoelectrochemically depositing protecting groups at increas-
ingly positive potentials. Then one could deposit the desired
catalyst at the remaining sites with more positive Eon,GB or
lower η. Finally, one could remove the blocking groups to yield
a photoanode with optimally located catalysts.

5. CONCLUDING REMARK

The recent advances highlighted in this Perspective have
pushed the quantitative measurements of charge carrier
activities and functional performances of photo(electro)-
catalysts down to nanometer spatial resolution, single-reaction
temporal resolution, and under operating conditions. The
fundamental knowledge gained also offered guiding principles
to rationally engineer photoelectrodes for performance
enhancements.
This Perspective also informs the advantages and disadvan-

tages of different state-of-the-art techniques that have been
employed to study charge carrier activity of single-particle
photo(electro)catalysts. Electron microscopy offers high spatial
resolution (<1 nm) but is an ex situ technique and does not
provide quantitative information on the charge carrier behavior.
Both single molecule microscopy and photoluminescence
microscopy can be performed under operando conditions,
but only the former offers subdiffraction-limit, nanometer
spatial resolution. Single-particle photoelectrochemistry meas-
urements and subparticle photocurrent mapping allow for
direct functional evaluation, but need either elaborate device
fabrication or laborious measurements.

Despite these recent advances made toward single-particle
photo(electro)catalysis discussed in this monograph, many
research frontiers still await further development, for example,
the realization of the rationalized photoanode modification with
cocatalysts in Figure 10F at the bulk level or in actual
functioning photoelectrochemical devices. It is also desired to
develop cost-effective, scalable synthesis protocols and/or
nanofabrication procedures that permit systematic interrogation
of the relation between the photoelectrochemistry of nanoscale
catalysts and their highly tunable chemical and morphological
compositions. Moreover, the transient behavior of charge
carrier activities at the subparticle level could be studied in
principle by the techniques discussed in this Perspective, but
has yet to be investigated in detail; such temporal information,
when correlated to spatial information with nanometer
precision, may offer additional insights into the fundamental
mechanisms of important photoelectrocatalytic processes.
Another clear prospect for the future is the integration of all
feasible high-resolution measurements and high-resolution
manipulations to better modify photo(electro)catalysts with
cocatalysts or plasmonic enhancers for applications. The many
techniques and advances discussed in this Perspective should be
strong foundations toward that.

■ AUTHOR INFORMATION
Corresponding Author
*pc252@cornell.edu

ORCID
Mahdi Hesari: 0000-0002-5598-3468
Peng Chen: 0000-0001-8582-7661
Author Contributions
†M.H. and X.M. contributed equally.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank the support by the Department of Energy, Office of
Science, Basic Energy Sciences, Catalysis Science Program,
under Award DE-SC0004911.

■ REFERENCES
(1) Scholes, G. D.; Fleming, G. R.; Olaya-Castro, A.; van Grondelle,
R. Nat. Chem. 2011, 3, 763−774.
(2) Hohmann-Marriott, M. F.; Blankenship, R. E. Annu. Rev. Plant
Biol. 2011, 62, 515−548.
(3) Lewis, N. S. Science 2016, 351, aad1920.
(4) Sivula, K.; van de Krol, R. Nat. Rev. Mater. 2016, 1, 15010.
(5) Wang, W.; Tade, M. O.; Shao, Z. P. Chem. Soc. Rev. 2015, 44,
5371−5408.
(6) Liu, X. Q.; Iocozzia, J.; Wang, Y.; Cui, X.; Chen, Y. H.; Zhao, S.
Q.; Li, Z.; Lin, Z. Q. Energy Environ. Sci. 2017, 10, 402−434.
(7) Hedley, G. J.; Ruseckas, A.; Samuel, I. D. W. Chem. Rev. 2017,
117, 796−837.
(8) Linic, S.; Christopher, P.; Ingram, D. B. Nat. Mater. 2011, 10,
911−921.
(9) Bagheri, S.; TermehYousefi, A.; Do, T. O. Catal. Sci. Technol.
2017, 7, 4548−4569.
(10) Dong, H. R.; Zeng, G. M.; Tang, L.; Fan, C. Z.; Zhang, C.; He,
X. X.; He, Y. Water Res. 2015, 79, 128−146.
(11) Reddy, P. A. K.; Reddy, P. V. L; Kwon, E.; Kim, K. H.; Akter, T.;
Kalagara, S. Environ. Int. 2016, 91, 94−103.
(12) Skubi, K. L.; Blum, T. R.; Yoon, T. P. Chem. Rev. 2016, 116,
10035−10074.

Journal of the American Chemical Society Perspective

DOI: 10.1021/jacs.8b04039
J. Am. Chem. Soc. 2018, 140, 6729−6740

6739

mailto:pc252@cornell.edu
http://orcid.org/0000-0002-5598-3468
http://orcid.org/0000-0001-8582-7661
http://dx.doi.org/10.1021/jacs.8b04039


(13) Tu, W. G.; Zhou, Y.; Zou, Z. G. Adv. Mater. 2014, 26, 4607−
4626.
(14) Seo, H.; Katcher, M. H.; Jamison, T. F. Nat. Chem. 2017, 9,
453−456.
(15) Romero, N. A.; Nicewicz, D. A. Chem. Rev. 2016, 116, 10075−
10166.
(16) Cuthbertson, J. D.; MacMillan, D. W. C. Nature 2015, 519, 74−
77.
(17) Prier, C. K.; Rankic, D. A.; MacMillan, D. W. C. Chem. Rev.
2013, 113, 5322−5363.
(18) Kang, D.; Kim, T. W.; Kubota, S. R.; Cardiel, A. C.; Cha, H. G.;
Choi, K.-S. Chem. Rev. 2015, 115, 12839−12887.
(19) Wang, M. Y.; Ioccozia, J.; Sun, L.; Lin, C. J.; Lin, Z. Q. Energy
Environ. Sci. 2014, 7, 2182−2202.
(20) Low, J. X.; Yu, J. G.; Jaroniec, M.; Wageh, S.; Al-Ghamdi, A. A.
Adv. Mater. 2017, 29, 1601694.
(21) Chen, D.; Zhang, H.; Liu, Y.; Li, J. H. Energy Environ. Sci. 2013,
6, 1362−1387.
(22) Li, X.; Yu, J. G.; Low, J. X.; Fang, Y. P.; Xiao, J.; Chen, X. B. J.
Mater. Chem. A 2015, 3, 2485−2534.
(23) Park, Y.; McDonald, K. J.; Choi, K. S. Chem. Soc. Rev. 2013, 42,
2321−2337.
(24) Regulacio, M. D.; Han, M. Y. Acc. Chem. Res. 2016, 49, 511−
519.
(25) Anz, S. J.; Fajardo, A. M.; Royea, W. J.; Lewis, N. S.; Morris, A. J.
In Characterization of Materials; Kaufmann, E. N., Ed.; John Wiley &
Sons, Inc., 2002.
(26) Janaky, C.; Rajeshwar, K. Acs Energy Lett. 2017, 2, 1425−1428.
(27) Shi, W. D.; Song, S. Y.; Zhang, H. J. Chem. Soc. Rev. 2013, 42,
5714−5743.
(28) Li, X.; Yu, J. G.; Jaroniec, M. Chem. Soc. Rev. 2016, 45, 2603−
2636.
(29) Erwin, W. R.; Zarick, H. F.; Talbert, E. M.; Bardhan, R. Energy
Environ. Sci. 2016, 9, 1577−1601.
(30) Kundu, S.; Patra, A. Chem. Rev. 2017, 117, 712−757.
(31) Xiao, F. X.; Miao, J. W.; Tao, H. B.; Hung, S. F.; Wang, H. Y.;
Yang, H. B.; Chen, J. Z.; Chen, R.; Liu, B. Small 2015, 11, 2115−2131.
(32) Sambur, J. B.; Chen, P. Annu. Rev. Phys. Chem. 2014, 65, 395−
422.
(33) Yang, J. H.; Wang, D. G.; Han, H. X.; Li, C. Acc. Chem. Res.
2013, 46, 1900−1909.
(34) Clavero, C. Nat. Photonics 2014, 8, 95−103.
(35) Liu, R.; Zheng, Z.; Spurgeon, J.; Yang, X. G. Energy Environ. Sci.
2014, 7, 2504−2517.
(36) Materna, K. L.; Crabtree, R. H.; Brudvig, G. W. Chem. Soc. Rev.
2017, 46, 6099−6110.
(37) Warren, S. C.; Voïtchovsky, K.; Dotan, H.; Leroy, C. M.;
Cornuz, M.; Stellacci, F.; Heb́ert, C.; Rothschild, A.; Graẗzel, M. Nat.
Mater. 2013, 12, 842−849.
(38) Su, Y.; Liu, C.; Brittman, S.; Tang, J.; Fu, A.; Kornienko, N.;
Kong, Q.; Yang, P. Nat. Nanotechnol. 2016, 11, 609−612.
(39) Ristanovic,́ Z.; Kubarev, A. V.; Hofkens, J.; Roeffaers, M. B. J.;
Weckhuysen, B. M. J. Am. Chem. Soc. 2016, 138, 13586−13596.
(40) Tachikawa, T.; Yonezawa, T.; Majima, T. ACS Nano 2013, 7,
263−275.
(41) Chen, P.; Zhou, X.; Andoy, N. M.; Han, K.-S.; Choudhary, E.;
Zou, N.; Chen, G.; Shen, H. Chem. Soc. Rev. 2014, 43, 1107−1117.
(42) Zhang, Y.; Lucas, J. M.; Song, P.; Beberwyck, B.; Fu, Q.; Xu, W.;
Alivisatos, A. P. Proc. Natl. Acad. Sci. U. S. A. 2015, 112, 8959−8964.
(43) Easter, Q. T.; Blum, S. A. Angew. Chem., Int. Ed. 2017, 56,
13772−13775.
(44) Ng, J. D.; Upadhyay, S. P.; Marquard, A. N.; Lupo, K. M.;
Hinton, D. A.; Padilla, N. A.; Bates, D. M.; Goldsmith, R. H. J. Am.
Chem. Soc. 2016, 138, 3876−3883.
(45) Hodgson, G. K.; Impellizzeri, S.; Scaiano, J. C. Chem. Sci. 2016,
7, 1314−1321.
(46) Chen, T.; Dong, B.; Chen, K.; Zhao, F.; Cheng, X.; Ma, C.; Lee,
S.; Zhang, P.; Kang, S. H.; Ha, J. W.; et al. Chem. Rev. 2017, 117,
7510−7537.

(47) Li, R.; Zhang, F.; Wang, D.; Yang, J.; Li, M.; Zhu, J.; Zhou, X.;
Han, H.; Li, C. Nat. Commun. 2013, 4, 1432.
(48) Bian, Z.; Tachikawa, T.; Kim, W.; Choi, W.; Majima, T. J. Phys.
Chem. C 2012, 116, 25444−25453.
(49) Chamtouri, M.; Kenens, B.; Aubert, R.; Lu, G.; Inose, T.; Fujita,
Y.; Masuhara, A.; Hofkens, J.; Uji-i, H. ACS Omega 2017, 2, 4032−
4038.
(50) Debroye, E.; Van Loon, J.; Yuan, H.; Janssen, K. P.; Lou, Z.;
Kim, S.; Majima, T.; Roeffaers, M. B. J. Phys. Chem. Lett. 2017, 8, 340−
346.
(51) Tachikawa, T.; Ochi, T.; Kobori, Y. ACS Catal. 2016, 6, 2250−
2256.
(52) Amirav, L.; Alivisatos, A. P. J. Am. Chem. Soc. 2013, 135, 13049−
13053.
(53) Tachikawa, T.; Yamashita, S.; Majima, T. J. Am. Chem. Soc.
2011, 133, 7197−7204.
(54) Xu, W.; Kong, J. S.; Yeh, Y.-T. E.; Chen, P. Nat. Mater. 2008, 7,
992−996.
(55) Li, Y.-F.; Liu, Z.-P.; Liu, L.; Gao, W. J. Am. Chem. Soc. 2010, 132,
13008−13015.
(56) Zhang, Y.; Lucas, J. M.; Song, P.; Beberwyck, B.; Fu, Q.; Xu, W.;
Alivisatos, A. P. Proc. Natl. Acad. Sci. U. S. A. 2015, 112, 8959−8964.
(57) Han, K. S.; Liu, G.; Zhou, X.; Medina, R. E.; Chen, P. Nano Lett.
2012, 12, 1253−1259.
(58) Zhou, X.; Andoy, N. M.; Liu, G.; Choudhary, E.; Han, K.-S.;
Shen, H.; Chen, P. Nat. Nanotechnol. 2012, 7, 237−241.
(59) Tachikawa, T.; Yonezawa, T.; Majima, T. ACS Nano 2013, 7,
263−275.
(60) Wang, N.; Tachikawa, T.; Majima, T. Chem. Sci. 2011, 2, 891−
900.
(61) Ha, J. W.; Ruberu, T. P. A.; Han, R.; Dong, B.; Vela, J.; Fang, N.
J. Am. Chem. Soc. 2014, 136, 1398−1408.
(62) Sambur, J. B.; Chen, T.-Y.; Choudhary, E.; Chen, G.; Nissen, E.
J.; Thomas, E. M.; Zou, N.; Chen, P. Nature 2016, 530, 77−80.
(63) Liu, B.; Chen, H. M.; Liu, C.; Andrews, S. C.; Hahn, C.; Yang, P.
J. Am. Chem. Soc. 2013, 135, 9995−9998.
(64) Amirav, L.; Alivisatos, A. P. J. Am. Chem. Soc. 2013, 135, 13049−
13053.
(65) Fang, Y. M.; Li, Z. M.; Jiang, Y. Y.; Wang, X.; Chen, H. Y.; Tao,
N. J.; Wang, W. Proc. Natl. Acad. Sci. U. S. A. 2017, 114, 10566−10571.
(66) Li, S. P.; Du, Y.; He, T.; Shen, Y. B.; Bai, C.; Ning, F. D.; Hu, X.;
Wang, W. H.; Xi, S. B.; Zhou, X. C. J. Am. Chem. Soc. 2017, 139,
14277−14284.
(67) Su, H.; Fang, Y. M.; Chen, F. Y.; Wang, W. Chem. Sci. 2018, 9,
1448−1453.
(68) Gar̈tner, W. W. Phys. Rev. 1959, 116, 84−87.
(69) Butler, M. A. J. Appl. Phys. 1977, 48, 1914−1920.
(70) Reichman, J. Appl. Phys. Lett. 1981, 38, 251−253.
(71) Sambur, J. B.; Chen, P. J. Phys. Chem. C 2016, 120, 20668.
(72) Surendranath, Y.; Lutterman, D. A.; Liu, Y.; Nocera, D. G. J. Am.
Chem. Soc. 2012, 134, 6326−6336.
(73) Khnayzer, R. S.; Mara, M. W.; Huang, J.; Shelby, M. L.; Chen, L.
X.; Castellano, F. N. ACS Catal. 2012, 2, 2150−2160.
(74) Walter, M. G.; Warren, E. L.; McKone, J. R.; Boettcher, S. W.;
Mi, Q.; Santori, E. A.; Lewis, N. S. Chem. Rev. 2010, 110, 6446−6473.
(75) Liu, C.; Dasgupta, N. P.; Yang, P. Chem. Mater. 2014, 26, 415−
422.
(76) Steinmiller, E. M. P.; Choi, K. S. Proc. Natl. Acad. Sci. U. S. A.
2009, 106, 20633−20636.
(77) Li, R.; Zhang, F.; Wang, D.; Yang, J.; Li, M.; Zhu, J.; Zhou, X.;
Han, H.; Li, C. Nat. Commun. 2013, 4, 1432.

Journal of the American Chemical Society Perspective

DOI: 10.1021/jacs.8b04039
J. Am. Chem. Soc. 2018, 140, 6729−6740

6740

http://dx.doi.org/10.1021/jacs.8b04039

