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Photocatalytic nanomaterials can intensively interact with light to drive catalytic reactions and have
emerged as a novel class of catalysts for sustainability applications and mitigating environmental crises.
Understanding the fundamental processes of photocatalytic reactions, such as charge carrier generation,
separation, and transport as well as reactivity site distribution, is key to the rational design of optimal
catalysts. However, conventional ensemble measurements are unable to differentiate the heterogeneities
intrinsic to individual nanocatalysts in size, facet, morphology, and crystal phase, imposing a grand
challenge in explicitly uncovering the structure—property relationship. In this review, we highlight the
versatility of an emerging operando imaging technique, namely single-molecule fluorescence
microscopy (SMFM), in unravelling the puzzles in photocatalytic processes. In particular, the high
spatiotemporal resolution of SMFM allows to study single- or even sub-particle catalysis, thus offering
unprecedented insights into mechanistic understanding and catalyst design. We first discuss the
fundamentals of SMFM and its use for investigating catalytic reactions based on plasmonic metals and
semiconductors. We then highlight heterostructured photocatalysts with diverse combinations of
plasmonic metals, non-plasmonic catalytic nanomaterials, and/or semiconductors. Recent advances in
investigating bio-inorganic hybrids and non-fluorescent entities are also reviewed. Finally, we provide
a discussion on the challenges and opportunities in this field, aiming to inspire novel ideas and promote
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the exploration of SMFM for new applications.

1. Introduction

With the ever-increasing growth in the global energy demand
and the pressing need for environmentally friendly technolo-
gies, photocatalysis has received considerable attention as an
efficient, clean, and sustainable method for chemical trans-
formation and energy conversion.'® Photocatalysis harnesses
light to activate chemical reactions on the surface of catalysts,
facilitating a wide range of clean-energy reactions such as water
splitting,** micropollutant degradation,*” and CO, conversion,*
thus offering novel avenues for addressing global energy and
environmental challenges. Despite these merits, the practical
applications of photocatalysis are significantly hindered by the
inexplicit understanding of reaction mechanisms and catalyst
dynamics, which imposes a huge barrier to the development of
high-efficiency photocatalysts.®'® To overcome this challenge,
advanced characterization techniques are needed to study the
molecular-level dynamics of photocatalytic reactions in real-
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time and under operando conditions. Recently, super-
resolution fluorescence microscopy has emerged as a powerful
analytical tool with unique advantages, including high spatial
and temporal resolution and capabilities for quantitative anal-
ysis and non-invasive observation, providing new prospects for
deciphering the microscopic mechanisms and dynamic
processes of photocatalytic reactions."*™

Compared with conventional microscopy techniques
featuring a spatial resolution of a few hundred nanometers,
super-resolution microscopy is characterized by remarkably
improved spatial resolution.'**® Among the various super-
resolution microscopic techniques, single-molecule fluores-
cence microscopy (SMFM) has emerged as a novel and promising
tool for studying heterogeneous catalysis. In principle, SMFM
relies on detecting the fluorescence of individual molecules
whose intensity distributions follow an Airy pattern and can be
well depicted by an approximate Gaussian profile."® Through
mathematical fitting, SMFM can precisely localize molecules with
precision of up to a few nanometers.'”** By collecting a sufficient
number of single-molecule events, a super-resolution image is
reconstructed by merging the positions of all the individually
activated fluorophores (Fig. 1). Additionally, SMFM imaging
technology holds advantages in temporal resolution, ie., at the
millisecond level, allowing the capture of rapid reaction
dynamics throughout the photocatalytic reaction. By employing
high-speed imaging and sophisticated data acquisition strate-
gies, these techniques can achieve sub-millisecond or even sub-
nanosecond temporal resolutions.'®** The high spatiotemporal
resolution enables, in a quantitative manner, the visualization of
molecular interactions and surface restructuring, monitoring of
reaction kinetics, real-time tracking of reaction intermediates,
and probing the electron transfer process at a single-molecule
level, shedding light on the reaction mechanisms and catalyst
design. Another strength of SMFM is its capability to study
catalytic processes in situ and under operando reaction
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Fig. 1 Schematic illustrating the principles of single-molecule fluo-
rescence imaging.
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conditions, providing valuable insights into the properties of
photocatalytic nanomaterials in realistic applications.** Further-
more, SMFM offers non-invasive observation capability, mini-
mizing perturbations to the system under study. Unlike invasive
probes or labeling techniques that may alter the properties of
photocatalysts or interfere with reaction kinetics, fluorescence
imaging allows for the label-free visualization of molecules and
nanostructures with high specificity and sensitivity.”> This non-
destructive imaging feature preserves the integrity of the
sample and enables longitudinal studies of photocatalytic
processes over extended periods, promoting the exploration of
long-term performance, degradation mechanisms, and catalyst
evolution.”?*

In essence, SMFM is based on the detection of fluorescence
signals, which requires the involvement of fluorescent species
in imaging systems. When applying SMFM to study photo-
catalysis, fluorogenic reactions that can be catalyzed by photo-
catalytic nanomaterials are usually employed. In a typical
fluorogenic reaction, non-fluorescent or weakly fluorescent
reactant molecules are activated by catalysts and then converted
into highly fluorescent product molecules, as indicated by the
emission of fluorescence signals.”® Even reactions involving
fluorescent reactants can still be studied as long as their fluo-
rescence wavelengths differ from those of the intermediates
and/or products. Fig. 2 summarizes the fluorogenic reactions
commonly used in the SMFM imaging of photocatalytic
nanomaterials.>*** In this Review, we discuss the studies of
photocatalytic nanomaterials via SMFM imaging, including
plasmonic metals, semiconductors, metal-metal hetero-
structures, metal-semiconductor junctions, and
conductor-semiconductor junctions. Recent advances in
imaging techniques and methodologies, together with their
implementation into studying bio-inorganic hybrids and non-
fluorescent reactions/molecules, are also evaluated. We then
highlight the major challenges and an outlook in broadening
the application of SMFM techniques for investigating photo-
catalytic nanomaterials and reactions. We anticipate that these
discussions could inspire researchers to explore more oppor-
tunities in this field.

semi-

2. Plasmonic metal nanomaterials
2.1. Gold

Gold (Au) nanoparticles have been extensively investigated for
various types of catalysis including thermal catalysis and
plasmon-involved photocatalysis.*>*® Owing to the capability to
catalyze the fluorogenic reduction of non-fluorescent resazurin
(Rz) into highly fluorescent resorufin (Rf), Au nanoparticles
have been extensively investigated by SMFM to unravel the
catalytic kinetics and mechanisms. Moreover, there exist
a number of well-established protocols for synthesizing Au
nanocatalysts with controllable size, facet, shape, morphology,
etc., making Au an effective platform for studying the structure-
property relationship via SMFM imaging.*’** The gained
knowledge from SMFM imaging provides unprecedented
insights into the mechanistic understanding and rational
design of optimal Au nanocatalysts.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 List of fluorogenic reactions for single-molecule fluorescence imaging of photocatalytic catalysis. The colored shade illustrates the
approximate color of the fluorescence signal. (LDH = layered double hydroxide and BTTAA = (4-{[bis-(1-tert-butyl-1H-[1,2,3]triazol-4-

ylmethyl)-amino]-methyl}-[1,2,3]triazol-1-yl)-acetic acid).

2.1.1. Thermal catalysis. Although the unique plasmonic
effects stemming from light-Au interactions make Au a prom-
ising photocatalytic nanocatalyst, Au-catalyzed thermal

This journal is © The Royal Society of Chemistry 2024

catalysis has also been extensively investigated by SMFM.*"** To
build a solid foundation for understanding plasmonic catalysis
(discussed later), here, we provide a brief overview of SMFM
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imaging studies on Au-catalyzed thermal catalysis. One very
early study of Au nanoparticle catalysts using super-resolution
imaging was reported by Xu and co-workers, where they
utilized the fluorogenic Rz reduction reaction by hydroxylamine
to produce Rf, a strongly fluorescent molecule.*® A typical setup
for super-resolution fluorescence imaging is depicted in Fig. 3a,
which is based on a total internal reflection fluorescence (TIRF)
microscopy configuration.** In this TIRF configuration, an
evanescent wave is generated at the quartz-solution interface
with a penetration depth of a few hundred nanometers, which
can effectively excite the fluorescent molecules at the interface
region while avoiding illuminating outside areas that may cause

View Article Online

Review

and a coverslip, with a proper density of Au nanoparticles drop
cast and immobilized on the quartz slide. As the solution con-
taining Rz and hydroxylamine is introduced, Au nanoparticles
serve as the catalysts to catalyze the reduction reaction to
generate the strongly fluorescent Rf molecules. An incident 532
or 561 nm laser is introduced to excite the fluorescence of Rf
molecules in single-molecule detection by an electron-
multiplying charge-coupled device (EMCCD). Fig. 3b displays
a typical fluorescence turnover trajectory on a single Au nano-
particle. The stochastic off-on fluorescence bursts and constant
on-level height characterize the single-molecule fluorescence
detection. The waiting times 7,¢ and 7., in these single-turnover

high background noise. Typically, a microfluidic cell is fabri-
cated by double-sided tape sandwiched between a quartz slide

fluorescence trajectories represent the time period before each
Rf product formation and the time for Rf dissociation after
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Fig. 3 Super-resolution fluorescence imaging of thermal catalysis on Au nanoparticles. (a) Experimental scheme using TIRF microscopy to
image the fluorogenic deacetylation reaction of Rz to Rf on Au nanoparticles. (b) Fluorescence intensity versus time trajectory of a single Au
nanoparticle. (Panels a and b) are reproduced with permission from ref. 44. Copyright 2016, American Chemical Society. (c) Schematic of the
kinetic mechanism. Au,,: Au nanoparticle; S: resazurin; P: resorufin. Au,,—S, represents an Au nanoparticle having n adsorbed substrate
molecules. (d) [Rz] dependence of (1o,) "~ (Panels ¢ and d) are reproduced with permission from ref. 43. Copyright 2008, Nature Publishing
Group. (e) Dependence of the activity fluctuation rate of the 7, reaction on TORs. Panel e is reproduced with permission from ref. 45. Copyright
2009, American Chemical Society. (f) 2D reactivity pattern of the Au nanorod. The vertical lines separate the side and end segments. (g)
Dependence of specific TOR on location along the length of the nanorod in (f). (Panels f and g) are reproduced with permission from ref. 31.
Copyright 2012, Nature Publishing Group. (h) Size dependencies of the specific activities of different regions as well as the hanoplate as a whole
particle. Each data point is an average of similar-sized nanoplates. (i) Spatially resolved activity quantitation on single Au@mSiO, nanoplates.
(Panels h and i) are reproduced with permission from ref. 49. Copyright 2013, American Chemical Society. (j) Arrhenius plot for reactions
catalyzed by single Au nanoparticles (dotted lines) and the average over many nanoparticles (full lines) for the product formation process. Inset:
solid lines are Gaussian fits with the center at 35.7 + 0.5 kJ mol™ . (Panel j) is reproduced with permission from ref. 44. Copyright 2016, American
Chemical Society. (k) Distributions of the microscopic reaction time t from a single Au@mSiO, nanorod. The solid red line is an empirical fit, with
y = Ale™ " — e7*") (Panel k) is reproduced with permission from ref. 53. Copyright 2014, American Chemical Society. (L and m) Intraparticle
catalytic communication within single Pd nanocatalysts: (l) the photoinduced Rz disproportionation: Pearson's cross-correlation coefficient
pwj(Ax,-v, AT,'J-) versus the intraparticle distance separation Ax;. (m) Dependencies of the intraparticle catalytic communication distance x5 on
the orientation angle relative to the electric-field direction at various voltages. (Panels | and m) are reproduced with permission from ref. 57.
Copyright 2018, Nature Publishing Group.
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formation, respectively. The digital nature of these waiting
times helps to examine the kinetic mechanism of catalysis.
While 7.4 and t,, have stochastic individual values, their
statistical properties, such as average values and distributions,
are well defined by the underlying reaction kinetics. In the study
by Xu and co-workers, the redox catalysis of individual colloidal
Au nanoparticles in solution was investigated.*®* The reduction
of Rz was examined, focusing on understanding the catalytic
kinetics involved. A single-molecule analysis helps to link
a stochastic single-molecule quantity with traditional kinetic
parameters, predicting the saturation kinetics of the product
formation rate. As shown in Fig. 3c, to explain the dependency
of the product dissociation rate (t,,) " on the concentration of
resazurin [Rz], researchers investigated a substrate-assisted
product dissociation pathway, including a fast substrate
adsorption equilibrium (reactions (I)), a pre-substrate-binding
step (reactions (II) and (III)), in addition to direct dissociation
(reaction (IV)). Averaging the turnover trajectories from
numerous Au nanoparticles revealed that both (r.g) ' and
(ton) ', which correspond to the generation rate and desorption
rate of Rf, respectively, depend on [Rz] and exhibit saturation
kinetics. Researchers employed a pseudo-first-order reaction
kinetics as excess hydroxylamine was introduced into the
reaction. Interestingly, the [Rz]-dependent (t.¢) " effectively
follows a Langmuir-Hinshelwood mechanism for the Rz
reduction reaction (Fig. 3d), implying that the Au nanoparticles
could catalyze the substrate conversion to the product while
maintaining a fast substrate adsorption equilibrium.

For spherical nanocatalysts, their surfaces are enclosed by
diverse facets and the proportion of each facet varies signifi-
cantly over size, resulting in a size-dependent catalytic perfor-
mance.” To this end, Xu and co-workers employed SMFM to
study the size-dependent catalytic activity and dynamics of Au
nanoparticles.””> When 6.0, 9.1, and 13.7 nm Au nanoparticles
were used as catalysts, the fluctuation rate was enhanced with
increasing turnover rates (TORs; the number of fluorescence
off-on cycles per unit time) (Fig. 3e), showing a linear correla-
tion. In conjunction with the activity, the surface restructuring
of Au nanoparticles also suggests a size dependence. The faster
activity fluctuation rates for the smaller particles indicate that
the catalysis-induced dynamic surface restructuring occurs
more rapidly with decreasing particle size. Additionally, the
unique size-dependent catalytic activity of Au clusters was
investigated at the single-molecule level.*® In general, reactant
adsorption on catalysts has two distinctive adsorption mecha-
nisms: competitive adsorption and non-competitive adsorp-
tion.*” In competitive adsorption, reactants compete for the
same surface sites, leading to a decreased reaction rate at high
concentrations. In non-competitive adsorption, the rate of
product formation rises with the reactant concentration and
reaches saturation at high concentrations. In particular, smaller
Au clusters follow the competitive Langmuir-Hinshelwood
mechanism with a stronger substrate-binding ability and
weaker product-binding ability, whereas larger Au clusters
follow the non-competitive mechanism with opposite abilities.
Researchers attributed this phenomenon to the different
adsorption behaviors of the substrate and product molecules on

This journal is © The Royal Society of Chemistry 2024
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the clusters, leading to the distinctive catalytic properties
between Au clusters and traditional nanoparticles. These find-
ings collectively highlight the pivotal role of particle size and
surface defects in catalysis through investigations using SMFM.

Expanding their study beyond spherical Au nanoparticles,
Xu and co-workers delved into the facet-dependent catalytic
activity of Au nanoparticles using Au nanorods as the catalysts.
The side facets of these nanorods are enclosed by {110} planes,
whereas their ends are enclosed by {111} planes.** As shown in
Fig. 3f, the activity map on a single Au nanorod suggests that the
side surface shows the highest activity at the center and
decreasing activity towards the two ends, which was attributed
to their distinctive facets and thus different adsorbate-catalyst
interactions during catalysis. Given that single-molecule fluo-
rescence imaging has a nanometer-level spatial resolution
(much smaller than the length of Au nanorods (150-700 nm)), it
allows the researchers to further study the sub-particle catalytic
property. Significantly, the TORs of a single Au nanorod show
a peak value in the center and then gradually decrease along its
length (Fig. 3g). This observation indicated that within the same
surface facets on a single nanorod, reactivity displays a gradient
from the center towards its two ends, which could be rational-
ized by the linear decay in defect density stemming from the
gradually decreased growth rate during synthesis.*® The site-
specific activity and radial activity gradient on single two-
dimensional (2D) Au nanoplates were further investigated.
Utilizing super-resolution fluorescence microscopy coupled
with electron microscopy, Andoy et al. mapped out catalytic
event locations within individual triangular and hexagonal Au
nanoplates and found clear site-dependent catalytic behavior.*
Specifically, when the Au nanoplate surface is dissected into flat
facets, edges, and corners, the catalytic activity follows the order
of corners > edges > flat facets (Fig. 3h). This disparity in activity
can be explained by the different atom coordination numbers
(CNs) of the corner, edge, and flat facets (CNcorner < CNedge <
CNqa facet); as low-coordinated sites are typically more catalyti-
cally active for catalysis.*** Even within the same flat {111}
surface, the catalytic activity also exhibits a 2D radial gradient
from the center toward the edges (Fig. 3i). Similar to the case of
activity gradient in the nanorod side,** the 2D radial activity
gradient was also associated with the linear decay in growth rate
when the nanoplate grew from a seed during synthesis.

By resolving the catalysis of individual nanoparticles at
a single-turnover level, single-molecule fluorescence imaging
also provides unprecedented insights into the mechanistic
understanding of catalytic reactions.> By introducing temper-
ature as a new variant, Chen and co-workers successfully
extracted, in a quantitative manner, the activation energy (E,)
for a classic fluorogenic reduction reaction between non-
fluorescent Rz and hydroxylamine on single Au nanoparticles
via single-molecule fluorescence imaging.** Specifically, E, on
and E,.¢ were derived for the product Rf formation and
dissociation processes, respectively (Fig. 3j). The E, o¢ (36.7 £
1.1 k] mol™*) value obtained from the Au nanoparticles, with
a wide range of activation energies (12-73 kJ mol "), suggests
significant catalytic heterogeneity. In addition, the value of E, o¢
is much larger than E, o, (18.3 & 1.3 k] mol "), indicating that

J. Mater. Chem. A, 2024, 12, 19627-19662 | 19631
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the product formation process is the rate-limiting step. Another
capability of SMFM is to differentiate the reaction intermediates
involved in a catalytic reaction, which is crucial for elucidating
the reaction mechanisms but generally challenging due to their
low populations in a reaction mixture. A compelling example
can be found in the study of the oxidative deacetylation of
Amplex Red (AR) by H,O, catalyzed by mesoporous silica
(mSiO,)-coated Au nanorods, in which the mSiO, shell can
effectively confine the generated fluorescent products for
imaging.”® Fig. 3k illustrates the distributions of the micro-
scopic reaction time t from a single Au@msSiO, nanorod, which
shows an initial rise and follows by the decay behavior with
a delayed maximum at t > 0. This rise-followed-by-decay
behavior of t distributions indicates that the catalytic kinetics
in forming the product contains at least two sequential rate-
determining steps, which suggests the existence of a hidden
kinetic intermediate.*® The distributions of z could be fitted
by an empirical equation: y =A(e ™ — e %%, as indicated by the
solid red lines shown in Fig. 3k, where k; and k, are the
apparent rate constants for the two rate-determining steps
straddling the kinetic intermediate, and A is a scaling factor.
Interestingly, by investigating [AR]-dependent t distribution, &,
was found to be positively correlated with [AR] before reaching
saturation, indicating that the associated rate-determining step
involves AR. On the contrary, k, is independent of [AR]. Further
experiments suggest that the hidden kinetic intermediate is
probably a surface-adsorbed one-electron-oxidized AR radical.>*
In addition, spatiotemporally resolved single-molecule
catalysis imaging can also unveil the interactions of reaction
species. Recently, Zou and co-workers studied several fluoro-
genic reactions including the disproportionation of Rz, oxida-
tive deacetylation of AR, and reductive deoxygenation of Rz on
Pd nanorods, Au nanorods, and Au nanoplates, respectively.’”
Excitingly, they found that the catalytic reactions on a single Pd
or Au nanocatalyst can communicate with each other. As shown
in Fig. 31, the cross-correlation coefficient ey, between 1; (the
microscopic reaction time of any catalytic event at a segment i)
and 7; (the time of the immediate subsequent event at another
segment j) starts positive and decays exponentially with
increasing intraparticle separation or time separation, indica-
tive of effective spatial and temporal communication between
reactions. Interparticle communication can occur over
a distance of ~10?> nm and with a temporal memory of ~10 to
10* s, giving rise to positive cooperativity among its surface
active sites. Moreover, the intraparticle communication
distance, x'*@ exhibits co-sinusoidal modulations versus the
orientation angle to the electric-field direction, suggesting the
involvement of positively charged messenger species in the
communication (Fig. 3m). A similar communication behavior is
also observed among different nanocatalysts, which operates
via a molecular diffusion mechanism involving negatively
charged species. As intraparticle and interparticle catalytic
communications are quite common phenomena in catalysis,
exploring their generality and utility via single-molecule catal-
ysis imaging could contribute to the development of a novel
conceptual framework for understanding nanoscale catalysis.
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2.1.2. Plasmonic catalysis. Apart from thermal catalysis,
plasmon-mediated photocatalysis, enabled by the localized
surface plasmonic resonance (LSPR) of noble-metal nano-
particles, has offered a unique approach to enhance light-driven
chemical conversions.*®* Unlike thermal catalysis involving
solely chemical transformation, plasmonic photocatalysis
entails the excitation of hot charge carriers and the transfer of
these carriers from plasmonic nanostructures to the adsorbed
reactants.®® Understanding the crucial factors in this process,
such as the rate-determining step and its E, value, is vital for
identifying the contribution of hot carriers.*** SMFM has been
proven to be a powerful tool in exploring the mechanism
underlying plasmon-involved photocatalytic reactions.

Recently, Li and co-authors used SMFM to study an LSPR-
enhanced photocatalytic reaction, i.e., the Au-catalyzed oxida-
tion of non-fluorescent AR by H,0, into fluorescent products Rf,
with sub-turnover resolution (Fig. 4a).** Au nanorods with an
aspect ratio of 3.6 and an LSPR excitation peak at 785 nm were
investigated. Under laser illumination, Au nanorods displayed
an average rate of product generation three-fold faster than that
under dark conditions, indicating enhanced catalytic ability
due to plasmon activation. The (7.g) distribution for Rf
formation exhibits a rapid increase followed by a gradual
decrease as they identified earlier, which could be attributed
to the formation of an AR- radical. By adjusting the reaction
temperature and analyzing the statistical results of individual
turnovers, the activation energies E, of tandem reaction steps,
including intermediate generation, product generation, and
product desorption, were distinctly identified. It was demon-
strated that under dark conditions, E, for AR- generation is
significantly higher compared to that for Rf formation, sug-
gesting that the intermediate AR- generation acts as the rate-
limiting step. To validate the reduced E, due to plasmon exci-
tation, the isokinetic temperature (Ti,) was investigated. As
shown in Fig. 4b and c, intersecting plots for reactions under
both dark and light conditions indicate an isokinetic relation-
ship in photocatalysis. Compared with the dark reaction, Tis,
under laser illumination was decreased by 2 K, implying that
the substrate might have a lower energy barrier to undergo
structural transformation in the presence of light. It was, thus,
speculated that the primary contribution to the decreased E,
value was due to plasmon enhancement, where plasmon-
excited electrons can induce multiple vibrational transitions
of the Au-O bond, thereby increasing the vibrational energy
stored in the bond.*®

In addition to promoting catalytic reactions, the LSPR effects
of plasmonic nanoparticles could also effectively enhance the
fluorescence of a weak emitter,* which is vital for broadening
the applications of single-molecule fluorescence imaging to
various unexplored systems. Thus, it is necessary to investigate
the role of SPR in fluorescence enhancement to build a solid
foundation for its further applications. To this end, Khatua et al.
studied the fluorescence variation on individual Au nanorods
and explored the role of SPR in performance enhancement.®
They employed the discrete dipole approximation (DDA)
method to assess the enhancement in excitation, radiative, and
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Fig. 4 Super-resolution fluorescence microscopy study of plasmonic reactions on Au. (a) Single-molecular catalysis identifying E, of the
intermediate product and rate-limiting step in plasmonic photocatalysis over Au nanorods. Inset: TEM image of Au nanorods. Isokinetic rela-
tionship of three groups of single Au nanorods with different average activation energies for the intermediate product formation process, plotted
in the coordinates of 1000/T and the effective rate constants of intermediate product formation (In y¢1) for (b) the dark reaction and (c) laser
illumination. (Panels a—c) are reproduced with permission from ref. 63. Copyright 2020, American Chemical Society. (d) Calculated near-field
intensity map of an Au nanorod that is 47 nm long and 25 nm wide. (e) Measured maximum fluorescence enhancement factors for 11 nanorods as
functions of their SPR wavelengths under 594 nm (blue) and 633 nm (red) excitation. The theoretically estimated enhancement factors are shown
as open circles. (Panels d and e) are reproduced with permission from ref. 65. Copyright 2014, American Chemical Society. (f) [AR] dependence of
(7o) from AuCMs (green) and AuCDs (red). (g) Distributions of v,5, from about 50 trajectories of AuCMs (green) and AuCDs (red), and the solid
lines are Gaussian fitting. (h and i) Schematics showing the conversion of pNTP catalyzed by (h) AuCMs and (i) AuCDs during SERS measurement.
(j and k) FDTD simulations of the electric-field distribution of (j) the AuCM and (k) AuCD at 532 nm. (Panels f—k) are reproduced with permission
from ref. 74. Copyright 2022, Chinese Chemical Society. (l) Illustration of the Au nanorods and potential enhancement mechanisms. (m) Average
TORs against binned green irradiance with 200 nM Rz and 100 uM hydroxylamine. The inset shows the dark-field characterization. (n) TORs of
the superficial and far events normalized by the unit area, including only particles with more than 50 events (upper panel). To visualize the
different irradiance dependencies in both groups, the y axis is normalized to the activity in the lowest irradiance bin for the superficial and far
categories (lower panel). (Panels |-n) are reproduced with permission from ref. 82. Copyright 2023, American Chemical Society.

non-radiative rates of a crystal violet (CV) molecule near an Au
nanorod. The nanorod was represented as an array of dipoles,
with each dipole replacing cubic volume elements measuring
0.25 nm in size, and the SPR wavelengths could be adjusted by
altering the nanorod length within the range of 39 to 60 nm
while maintaining a constant width of 25 nm. The near-field
intensity maps indicate that the maximum intensity enhance-
ment occurs when the nanorod's SPR aligns with the wave-
length of the excitation laser. Fig. 4d depicts the near-field
intensity distribution of an Au nanorod with a width of 25 nm
and a length of 47 nm (SPR at 629 nm) under 633 nm excitation,

This journal is © The Royal Society of Chemistry 2024

showcasing a maximum intensity enhancement of several
hundred times when the nanorod's SPR aligns with the excita-
tion wavelength. In addition, different spectral components of
the CV emission spectrum will be enhanced by various degrees
depending on their overlap with the SPR, corresponding to
different radiative enhancement (E,.q) values. The fluorescence
enhancement is greatly influenced by the nanorod SPR wave-
length, reaching its peak when both the excitation laser and
emission spectrum of the dye overlap with the SPR. At the
optimal SPR wavelength, a remarkable fluorescence enhance-
ment of 1100 times was observed, comprising a 130-fold
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increase in excitation rate and 9-fold improvement in effective
emission. This notable enhancement encompasses an increase
in the excitation rate as well as a substantial improvement in the
decay rates of the emitter. Furthermore, researchers compared
the experimental results with theoretical estimations, repre-
sented by open circles and dashed lines in Fig. 4e. One can
easily conclude that the experimental findings closely align with
the theoretical predictions in terms of both maximum
enhancement factors and their dependence on the SPR wave-
length.*® Furthermore, Lu and co-workers demonstrated how
single-molecule fluorescence can be significantly enhanced
using a single Au nanorod. This enhancement enables the
detection of molecules with extremely low quantum yields, such
as 107", with a three-order-of-magnitude enhancement factor,
whereas theoretical simulations suggest detection for mole-
cules with quantum yields as low as 10~ .

Recently, researchers reported that the LSPR effects of plas-
monic nanoparticles could be effectively regulated by control-
ling the size and morphology of nanocrystals as well as form
dimers.®®*”* To further promote plasmon-driven catalytic reac-
tions, it is crucial to design Au nanocatalysts with precise
geometric structures and surfaces featuring low-coordination
sites. Apart from Au nanorods, Au nanocubes have shown
great promise due to their low-coordination corners and edges
among various plasmonic metal nanostructures, resulting in
significantly enhanced localized electromagnetic (EM) fields on
individual nanoparticles or between coupled nanoparticles.”>”?
Using SMFM, Wang and co-workers observed a notable activity
enhancement in the AR oxidation reaction on coupled Au
nanocube dimers (AuCDs), compared with Au nanocube
monomers (AuCMs).”* They employed a substrate-supported
assembly strategy to engineer this dimeric structure and
utilized the non-fluorescent AR to fluorescent Rf as a model
reaction. In contrast to AuCMs, the statistically analyzed TOR
from individual AuCDs demonstrates a 3.2 times faster pace
under saturating [AR] (Fig. 4f), which is attributed to enhanced
spontaneous surface restructuring within the nanogap induced
by the strong EM field. In addition, the distribution of the
apparent rate constant v,p, for Rf generation on AuCDs (0.99 +
0.16 s~ ' per particle) is broader compared to that of AuCMs
(0.30 & 0.12 s " per particle) (Fig. 4g), signifying the increased
reaction heterogeneity from the dimeric structure. The
augmented hot carriers from AuCDs were confirmed through
surface-enhanced Raman spectroscopy (SERS), in which p-
nitrothiophenol (pNTP) was used as an electron acceptor to
reveal hot carriers’ involvement (Fig. 4h and i).”>7® Briefly, pNTP,
acting as a thiolated molecule, creates a tightly packed mono-
layer on Au surfaces. Under light illumination, the Au nano-
structures produce hot electrons that transfer into pNTP on the
surface, triggering a four-electron reduction process to produce
p,p’-dimercaptoazobenzene (DMAB). Thus, the pNTP conver-
sion efficiency represents the density of hot carriers. To provide
further evidence of hot carriers promoting catalysis, they
analyzed the catalytic products of AuCMs and AuCDs from
PNTP using SERS, which shows the time-dependent SERS
spectra. Interestingly, the results show little change in AuCMs,
whereas characteristic DMAB peaks emerged on AuCDs with
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longer laser exposure. The efficiency was measured by
comparing DMAB and pNTP peaks, revealing much higher
efficiency for AuCDs relative to AuCMs, confirming their
enhanced hot electron generation. In plasmonic nanoparticles,
the transition of hot carriers from the ground state to a higher-
energy state is primarily influenced by the EM field produced by
plasmon resonance.”””® Therefore, the authors further used the
finite-difference time-domain (FDTD) method to analyze the
distribution of EM fields. As shown in Fig. 4j and k, the calcu-
lated EM-field enhancement factor of AuCDs is one-order-of-
magnitude higher than that of AuCMs, leading to a higher
density of hot electrons in both corners and within the nano-
gap. As a consequence, these hot electrons would facilitate
spontaneous surface restructuring and ultimately lead to an
improvement in catalytic activity at the single-particle level.
Although the plasmonic catalysts using LSPR have been
widely studied to accelerate chemical reactions, the underlying
mechanisms are difficult to decouple due to the involvement of
multiple plasmon-derived phenomena, such as EM-field
enhancement, thermal effect, and the generation of hot
carriers. Untangling these effects exclusively presents a chal-
lenge but is essential for differentiating reaction pathways and
increasing reaction rates.”®* To this end, Hamans and co-
workers presented an in situ examination of a fluorogenic
chemical reaction powered by plasmonic near-fields at the
single-particle level.*® Employing SMFM, they established
a direct link between the electric-field distribution surrounding
individual nanoparticles and their finely resolved catalytic
activity maps, which could be extended to systems with more
complex electric-field distributions. Ezendam and co-workers
attempted to address this challenge by employing ordered
arrays of Au nanorods (length: 51 + 7 nm; width: 28 + 3 nm)
coated with an ~95 nm porous SiO, shell as nanocatalysts
(AUNR@mMSIO,), which provide the advantage of simulta-
neously investigating numerous equivalent systems at once.*?
The fluorogenic reaction used in this work was Rz reduction to
Rf. The research delves into spatial reactivity distribution and
correlations between turnover events, catalytic enhancements,
temperature, and local-electric-field enhancement, aiming to
uncover the simultaneous operation of multiple enhancement
mechanisms (Fig. 41). Although hot carriers are solely extracted
from the plasmonic metal surface, temperature and field
enhancements can spread to the surrounding area. Different
decay behaviors of temperature and EM fields from the nano-
rod's surface could help discern the mechanism, and the spatial
localization of single-molecule events may reveal the catalyti-
cally active region. Au nanorods exhibit two resonances, leading
to different reactivity patterns: surface for hot carriers, near-
surface for enhanced EM fields (transversal resonance excita-
tion), and far surface for temperature (longitudinal resonance
excitation). By investigating the correlations between the spatial
distribution of turnover events, catalytic enhancements,
temperature distributions, and local-electric-field enhance-
ments over hundreds of nanoparticles, the mechanisms
underlying plasmon-enhanced catalysis were uncovered.
Specifically, the authors patterned individual AuNR@mSiO,
nanoparticles on a cover slip using template dissolution
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interfacial patterning to create an array with controlled spacing
(Fig. 4m, inset) and then assembled them under a microfluidic
channel to maintain a continuous supply of reactants, enabling
observations using a TIRF microscope. They first tracked the
reduction of Rz to Rf, utilizing a 561 nm laser to excite the
fluorescent Rf product and confirming the accessibility of the
Au surface through hydroxylamine-induced TOR enhancement.
To explore the impact of field enhancement, they further
studied the impact of excitation power density on the reaction
rate under illumination at 561 nm. As shown in Fig. 4m, the
reaction rate initially increases and saturates at high power
density, attributable to the saturation of catalytic sites on the Au
surface. This saturation phenomenon is well described by
a Langmuir-Hinshelwood mechanism for surface reactions,
indicating a complex interplay between excitation power density
and catalytic activity. Then, the spatial distribution of reactivity
was examined for two distinct groups: those near the Au surface
(<40 nm) and those far away (70-120 nm). Fig. 4n illustrates the
relationship between the excitation power density and the
activity of superficial and far events, showing that although
superficial events exhibit higher activity, the proportion of far
events increases with rising power density. These results indi-
cate the presence of two reaction pathways: one catalyzed on the
surface and another not involving the surface. Taken together,
the reduction of Rz can take place through multiple reaction
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pathways, and the spatial distribution of enhancements was
found to vary, depending on the underlying mechanism. All
these collective findings significantly contribute to the funda-
mental understanding of plasmonic catalysis and the rational
design of plasmonic nanocatalysts.

2.1.3. Modification of Au nanostructures. It is well docu-
mented that the catalytic property of nanomaterials can be well-
tuned by alloying with a second metal, by which the catalyst
surface-reactant interactions can be remarkably modulated.®*°
However, owing to the lack of effective analytical tools that can
spatially resolve catalytic reactions in situ, it remains a grand
challenge to quantitatively understand the effects of these
modifications on the catalyst-adsorbate interactions for
mechanistic rationalization. To address this challenge, SMFM
has demonstrated its capability to unveil the underlying
mechanisms by quantitatively monitoring the kinetics of
product formation and dissociation during catalysis.

In a recent study, using Ag and Au@AuAg nanoparticles as
the catalysts, Qu and co-workers applied SMFM to investigate
the alloying effect exerted by Au on the catalytic performance of
Au nanoparticles using the fluorogenic AR oxidation by H,O, as
the probe reaction (Fig. 5a).*® For this disproportionation reac-
tion on Ag nanoparticles, the catalytic mechanism follows the
non-competitive mechanism, where only AR molecules are
adsorbed at the Ag sites by chemisorption. The results indicate
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. Copyright 2022, American Chemical Society. (d) Schematic illustrating

the role of plasmonic effects of Au nanoparticles in enhancing the photocatalytic HER ability of CoTPyP molecular catalysts. (e) HER rates of
Ru(bpy),/CoTPyP and AUNP@COTPyP in air and at 50 °C. (f) Scheme of the AUNP@CoTPyP-catalyzed Rz reduction in SMFM. (Panels d—f) are
reproduced with permission from ref. 90. Copyright 2023, Nature Publishing Group.
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that the presence of Au in Au@AuAg transforms the reaction
pathway from a non-competitive to a competitive mechanism,
where both H,0, and AR prefer to adsorb on the Ag sites by
chemisorption. In particular, the adsorption equilibrium
constant of the competitive path is much higher than that of the
non-competitive adsorption path. The synergistic effect
between Au and Ag significantly enhances both reactant
adsorption and product desorption, thereby boosting the cata-
lytic activity. Density functional theory (DFT) calculations
suggest that with an increase in the number of H,0, molecules,
the adsorption energy of AR on Au@AuAg nanoparticles
increases from —2.36 to —3.08 eV (Fig. 5b). In contrast, the
adsorption of AR on Ag nanoparticles remains unaffected by
H,0,, indicating an adsorption-promoting effect through
modification. To further substantiate the influence of H,O, on
adsorption, the difference between the adsorption energy of
reactants and products (AE) was compared (Fig. 5c¢). Specifi-
cally, AE of Au@AuAg nanoparticles significantly exceeds those
of Ag nanoparticles, and their difference is further amplified
upon the addition of H,0,, indicating a strong electronic
interaction between H,0, and the Au@AuAg surface. Taken
together, compared with Ag nanoparticles, Au@AuAg nano-
particles exhibit distinctive features, including a strengthened
affinity for AR and H,0,, leading to increased reactant adsorp-
tion rates and creating a pathway for product formation.
Furthermore, the introduction of Au suppresses spontaneous
surface reconstruction and facilitates reaction-induced catalyst
surface restructuring, thereby enhancing the catalytic efficiency
and stability.

In addition, the catalytic performance of molecular catalysts
can also be modified by introducing plasmonic metal nano-
particles, in which the plasmonic effects of localized EM field,
local heating, and enhanced hot-carrier excitation may play
critical roles.*® Recently, Sheng and co-workers developed
a highly efficient and stable molecular catalyst by compositing
a molecular catalyst of cobalt porphyrin with plasmonic Au
nanoparticles.”® Au nanoparticles with an average diameter of
approximately 15 nm were used as the plasmonic nano-
structures, whereas cobalt porphyrin (5,10,15,20-meso-
tetrakis(4-pyridyl)porphyrin (CoTPyP)) molecules were used due
to the strong coordination bonds between pyridine groups and
heavy metals. As such, the COTPyP molecules could be easily
adsorbed onto the surface of Au nanoparticles, forming an
organic-inorganic hybrid nanostructure (AuNP@CoTPyP)
(Fig. 5d). Interestingly, the generation rate of fluorescent Rf
products, formed by reducing Rz with H,, which directly reflects
the HER activity, using the AuNP@COTPyP catalyst was 4.6
times greater than that of the Ru(bpy),/CoTPyP (Ru(bpy), is
a traditional photosensitizer) catalyst where plasmonic metals
are absent (Fig. 5e). The HER rate and turn-over frequency (TOF)
for AUNP@COTPyP catalysts reach 3.21 mol g~* h™" and 4650
h™", respectively. But when CoTPyP molecules are used as
catalysts in the absence of Au, a very low HER rate of ~0.09 mol
g~ ' h™" was observed. Furthermore, the catalytic performance
of the AuNP@COTPyP nanostructures remained stable after two
weeks of exposure to light illumination, indicating the high
stability of the hybrid photocatalyst. To probe the function of
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the plasmonic effect in boosting the catalytic performance of
CoTPyP, SMFM imaging based on the Rz reduction reaction was
conducted by studying the spatial heterogeneity of the reaction
around AuNP@CoTPyP nanostructures (Fig. 5f). The results
confirm the considerable contribution of LSPR excitation in
HER enhancement, which was also confirmed by the FDTD
simulation results. Moreover, the authors studied the role of
interface charge transfer in enhancing the HER activity and
found that the plasmon-generated hot electrons could transfer
from AuNPs to CoTPyP molecules, leading to improved charge
transfer and separation at the interface, ultimately enhancing
the HER performance. DFT calculations further support these
findings by showing that AuNPs favor the excitation of CoTPyP
molecules and promote the HER reaction by altering the Gibbs
free energies and electronic structure. In summary, the above
studies affirm the versatility of SMFM in revealing the origin of
catalytic activity in modified catalysts, shedding light on the
understanding of reaction mechanisms.

2.1.4. Plasmonic cavity catalysis. In addition to tailoring
the morphology and composition of catalysts described above,
employing confined EM fields has emerged as a promising
method for regulating the catalytic properties of plasmonic
nanomaterials.”*** Plasmonic cavities, characterized as charge
density waves simulated by EM waves, offer an alternative form
of a confined EM field.”® Acting as a unique mediator between
light and free electrons, plasmonic cavities allow for focusing
light into the nanoscale to excite polaritons, enhancing the local
density of states (DOSs) confined in a microcavity that can form
standing waves and create periodic plasmonic hotspots at the
metal-dielectric interface.”*® Most significantly, this standing
plasmonic wave allows further manipulation of the distribu-
tions of energy and hot carriers for tuning the catalytic prop-
erties of plasmonic metals. To probe the plasmonic cavity
catalysis enabled by standing hot carrier waves, Lyu and co-
workers employed a combination of experimental and simu-
lated approaches to study the Au-plasmon-catalyzed AR oxida-
tion reaction.”*'® Owing to the nanometer-level spatial
resolution, SMFM enables the study of the sub-particle catalysis
of Au nanoplates with an edge length of ~1-3 pm. In the plas-
monic cavity, SPP refers to the plasmonic charge density wave
that can be confined to a 2D Au nanoplate and form standing
waves at the surface, which can also propagate along a planar
metal surface as traveling waves. However, the excitation of the
SPP mode requires momentum matching and thus typically
requires total internal reflection illumination (Fig. 6a).
However, for the cavity mode, it is achieved by vertical coherent
excitation (Fig. 6¢). Simply by illuminating Au nanoplates using
light with different incident angles, the catalytic mode of Au
nanoplates can be switched between the SPP and cavity modes.
Fig. 6b and d shows the locations of product molecules on three
Au nanoplates operated in the SPP and cavity modes, respec-
tively. Clearly, in the SPP mode, a majority of the products are
located at the corner areas and the number of products grad-
ually decays away from the corner areas (Fig. 6b), which is also
independent of the plate size. In sharp contrast, most of the
products for the cavity mode are distributed at the center of the
Au nanoplate, and the area of the product distribution pattern is
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Chemical Society.

enlarged along with the size of the Au nanoplate. The locations
of detected fluorescent products under different excitation
modes effectively reflect the distributions of EM waves in the
SPP and cavity modes, offering an effective method for moni-
toring the diverse modes in the plasmonic cavity. Through an
analysis of a large number of particles, the authors found that
the catalytic activity in the cavity mode exceeds that in the SPP
mode by more than two orders of magnitude (Fig. 6e). This is
attributed to the highly concentrated energy and charge carriers
in specific regions through the mode in the standing-wave
resonator, which further amplifies the plasmonic resonance
and the generation of more energetic hot carriers. In addition to
the size effect, Au nanoplates also display distinctive shape
dependence under different excitation modes. As shown in
Fig. 6f, the shape evolution of Au nanoplates from triangle to
hexagon leads to corresponding alterations in catalytic hot-
spots: transition from three spots near the corners to six spots
forming a hexagon. Periodic catalytic hotspots could be effec-
tively adjusted by manipulating the cavity geometry, charge
density, and excitation angle. To rationalize the mechanisms of
plasmonic cavity catalysis, researchers employed femtosecond
interferometric scattering microscopy (Femto-iSCAT) to explore
the distribution and dynamics of hot carriers in single Au
nanoplates. Excitingly, the distributions of hot carriers on Au
nanoplates effectively match the locations of catalytic hotspots,
validating the critical role of hot carriers in plasmonic cavity
catalysis. In brief, plasmonic cavity catalysis outperforms and
surpasses the robustness of optical cavity catalysis, offering

This journal is © The Royal Society of Chemistry 2024

a versatile and broadly applicable approach to plasmon-driven
chemical reactions.

2.2. Other plasmonic metals

In addition to Au-based nanoparticles, researchers have also
extended SMFM to study other plasmonic metals including
silver (Ag) and copper (Cu). By exciting fluorophores remotely
using plasmons propagating along Ag nanowires, Su and co-
authors investigated the impact of the plasmonic effect on
molecular fluorescence point spread functions (PSFs) using an
improved single-molecule switching fluorescence microscopy
technique (Fig. 7a).'** The authors chose Alexa 647 as the label
for Ag nanowires and the distance between the dyes and the
surface of nanowires is estimated to be 7-15 nm,'*>'** which is
in the range where both enhancement and quenching of
molecular fluorescence can occur by interaction with the
metal.**"%” Fig. 7b illustrates a series of PSFs observed on
a segment of an Ag nanowire under remote excitation, in which
a 633 nm laser is focused at the end of the nanowire to launch
SPPs that propagate >10 pm along the wire to excite Alexa
molecules adsorbed within the SPP near-field. Fluorescence
spots are generally observed at the edge of the nanowire, but
with distinctive complexity in terms of the appearance location
and number of PSFs, such as symmetric single-spot PSFs
(Fig. 7b(i)), elongated single-spot PSFs (Fig. 7b(ii)), symmetric
two-spot PSFs appearing at opposite sides of the wire (Fig.
7b(iii)), and four-spot PSFs with two spots on either side of the
nanowire (Fig. 7b(iv)). However, after fitting each PSF via a 2D
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um in length. The surface defects can be found along the nanowire. The white arrow points to the start of nanowire growth. (i) The specific
catalytic rate constant g of six segments of the nanowire. (j) Reactant adsorption equilibrium constant K of each segment from (i). (Panels e—j) are

reproduced with permission from ref. 112. Copyright 2020, American Chemical Society.

Gaussian function, the reconstructed image cannot precisely
reproduce the nanowires (Fig. 7c), showing a clear overestimate
(490 nm vs. 250 nm). A similar phenomenon of PSF distortion
was also reported by Baiyasi and co-workers, in which they
found that the presence of plasmonic effect could lead to an
overestimate of >60 nm when measuring the exact width of
nanoparticles using SMFM.'*® The combination of switching
fluorescence microscopy and remote excitation unveiled
a complex array of single-molecule fluorescence PSFs, influ-
enced not only by the nanowire dimensions but also by the
position and orientation of molecular transition dipoles. To
further validate these observations, the authors employed
a simulation method to generate a comprehensive set of PSFs
for molecule positions and orientations on Ag nanowires with
theoretical diameters of 110 and 250 nm. Subsequently, each
simulated PSF was fitted to a single- or multicomponent 2D
Gaussian function, and the simulated “molecule” positions

19638 | J. Mater. Chem. A, 2024, 12, 19627-19662

were recorded at the centroid of each Gaussian peak. For
simulated 250 nm-diameter nanowires, as shown in Fig. 7d, the
histograms representing the cross-sections of these simulated
localization maps closely matched those obtained experimen-
tally (Fig. 7b). However, a line of molecular localization exactly
along the nanowire is predicted by the simulations, but was not
observed in wide-field or remote excitation switch fluorescence
microscopy imaging, which was attributed to the potential
photobleaching of dyes in direct contact with the glass substrate
during the imaging process. Additionally, they proposed
a method for rapidly classifying the size of metal nanoparticles
using far-field optical imaging and a technique for determining
the direction and position of molecules adsorbed on metal
nanoparticles. Taking Ag nanowires as an example, this
research holds implications for both single-molecule-regime
sensing and super-resolution imaging involving metallic
nanoparticles, opening up new possibilities for potential
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applications in improving photovoltaics, photocatalysts, and
(bio)chemical sensors based on their sizes classification of
metal nanoparticles.

In the context of click reactions, Cu nanoparticles have
emerged as versatile catalysts to produce a triazole product via
the reaction between an azide and a terminal alkyne owing to
the high surface-to-volume ratio, outstanding activity and
selectivity, and high stability.****** It is well documented that
click reactions are significantly dependent on the surface
structures of nanocatalysts, making it necessary to understand
the underlying structure-property relations.*>* Recently, Ow
and co-workers employed SMFM to probe the nanoscale activity
pattern of Cu nanowires toward a fluorogenic click reaction
between CalFluor 647 azide and alkyne for the generation of
CalFluor 647 triazole.** In a typical imaging experiment of Cu
nanowires, researchers dispersed the nanocatalysts on the
functionalized glass coverslip of a microfluidic cell and applied
a continuous flow of the reactant solution containing CalFluor
647 azide, phenylacetylene, sodium ascorbate, and (4-{[bis-(1-
tert-butyl-1H-[1,2,3]triazol-4-ylmethyl)-amino]-methyl}-[1,2,3]
triazol-1-yl)-acetic acid (BTTAA) (Fig. 7e). Within a single Cu
nanowire, site-specific activity exhibits variations across
different regions (Fig. 7f), and the activity ratios between end
regions and side facets are dependent on the nanowire's length.
As shown in Fig. 7g, super-resolution imaging reveals a growing
turnover density ratio between segments near the end and those
at the center as the nanowire length increases. Recent investi-
gations on Cu nanowires revealed that the growth rate of Cu
nanowires is kinetically constrained by the diffusion rate of
dihydroxy copper(i) to the end of the nanowire."**'** Therefore,
as the growth rate decreases due to reactant depletion,
a decreasing gradient of surface defects from the center
segment to the two ends of the nanowire may account for the
observed reactivity gradient. In a compelling example of Cu
nanowire with a tapered structure (Fig. 7h), both end segments
exhibit higher catalytic reactivity than their side segments, as
indicated by the larger g values (g is the specific catalytic rate
constant) (Fig. 7i). Surprisingly, the adsorption affinity K was
found to show an opposite trend (Fig. 7j), with a larger g
correlated with a smaller K. Building on the above information,
the authors concluded a fundamental structure-property rela-
tion for the Cu-nanowire-catalyzed click reaction: the higher
catalytic activity at the ends of Cu nanowires suggests that the
two ends are less crystalline, structurally less coordinated, and
functionally more reactive in click reactions; however, a reac-
tivity gradient along the side indicates a decrease in similar
physical and structural features along the length of the Cu
nanowires.

Additionally, Decan and co-workers employed SMFM to
unveil that copper-in-charcoal, a highly effective click catalyst,
displays remarkably sparse catalytic sites, with only a tiny
fraction of the surface being active.'™ Leveraging the intermit-
tent nature of these catalytic events, sub-diffraction resolution
facilitates a precise mapping of these catalytic sites. Moreover,
Zhang and co-workers proposed a fluorescence-free super-
resolution imaging technique for Au and Ag nanoparticles,
utilizing enhanced dark-field illumination and wavelength
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modulation.”*® By resolving the coordinates of nanoparticles
and their orientation angles, remarkable sub-diffraction limit
images were obtained, showcasing potential applications in
live-cell imaging.

3. Semiconductor nanomaterials
3.1. TiO,

Fluorescence-responsive single-molecule microscopy has found
widespread use in enzyme catalysis owing to its high spatio-
temporal resolution, non-invasive analysis, and capability of
studying single-enzyme kinetics.'*”*** Recently, building on the
above merits, researchers extended SMFM to study heteroge-
neous catalysis involving semiconductor nanomaterials. In one
of the earliest studies, Roeffaers and co-authors applied this
technique to monitor the fluorogenic reaction of 5-carboxy-
fluorescein diacetate (C-FDA) and 1-butanol via counting single-
turnover events for mapping the spatial distribution of catalytic
activity on [Li*~Al’"] layered double hydroxide (LDH) (Fig. 8a).>
They discovered that ester hydrolysis predominantly takes place
on the lateral {1010} crystal faces, whereas transesterification
occurs across the entire outer crystal surface. At almost the
same time, Majima and co-workers examined the photocatalytic
processes occurring on TiO, nanostructures using TIRF
microscopy.’” They found that active oxygen (O,) is probably
the hydroxyl radical (-OH) generated after the decomposition of
H,0, by ultraviolet (UV) light. Subsequently, they attempted to
selectively detect ROSs in air diffusing from the surface of
pristine and N-doped TiO, nanoparticles at the single-molecule
level.> Under UV excitation, both singlet oxygen (*O,) and
hydroxyl radical (-OH) were detected on pristine and N-doped
TiO,. However, under visible-light excitation, 10, was only
detected on N-doped TiO, (Fig. 8b and c). Moreover, further
investigation on the spatiotemporal distribution of -OH inter-
mediates suggests that the -:OH molecules should be generated
from the photolysis of H,0, and not in air or on the glass
surface but rather on the UV-irradiated TiO,. These results,
anticipated based on their formation mechanisms but unat-
tainable through conventional measurements, affirm the val-
idity of the methodology employed in the single-molecule
detection of ROS in this study.

Recently, TiO, photocatalysts with a hollow structure, such
as hollow spheres and nanotubes, have been explored owing to
the high specific surface area, excellent molecular selectivity,
and efficient light adsorption.”*** This unique hollow struc-
ture allows the exposure of more surface atoms for accessing
reactant molecules, thereby enhancing the catalytic perfor-
mance. However, the structural heterogeneities, such as
disorder and agglomeration, present inside the bulk catalyst
considerably impede the efficient transport of molecules, which
cannot be explicitly differentiated by the conventional perfor-
mance evaluation based on ensemble measurements."**'** To
this end, Naito and co-workers investigated the photocatalytic
activity of individual porous TiO, nanotubes via the single-
molecule counting of hydroxyl radicals (-OH) using a fluoro-
genic reaction, i.e., the oxidation of weakly fluorescent probe, 3'-
(p-aminophenyl) fluorescein (APF), into strongly fluorescent
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Fig. 8 (a) Schematic of the experimental setup for the single-molecule catalysis imaging of a single LDH particle. The inset at the lower right
shows the different facets of a hexagonal LDH crystallite with indication of the Miller indices. The inset at the upper right shows the accumulated
spot intensity on the same crystal over 256 consecutive images. (Panel a) is reproduced with permission from ref. 26. Copyright 2006, Nature
Publishing Group. (b) The detected number of fluorescein molecules using pristine and N-doped TiO, under the alternative irradiation with UV or
visible light. The initial value of the burst corresponds to the number of -OH molecules diffused from the TiO,. (c) Real-time single-molecule
detection of the airborne -OH diffused from the surface of pristine TiO, under the simultaneous 365 nm irradiation. (Panels b and c) are
reproduced with permission from ref. 119. Copyright 2008, American Chemical Society. (d) Schematic of the photocatalytic reaction occurring
on a single nanotube and the detection of fluorescent products. (e) Integrated fluorescence intensity of the TiO, nanotube over 120 s during the
photocatalytic reaction. There are three highly active sites indicated by arrows. The line profile of the integrated fluorescence intensity along the
long axis is shown by a dotted line (blue) and the histogram of the number of fluorescein molecules generated at the position, which is
determined from the peak of the Gaussian distribution (red). (Panels d and e) are reproduced with permission from ref. 120. Copyright 2008,
American Chemical Society. (f) Fluorescence image of a representative single-molecule event (i) and transmission image overlay with the
distribution of fluorescent events (ii) of the same TiO, crystal in a DN-BODIPY solution under 488 nm laser irradiation. The scale bars are 4 um.
The inset in (i) shows the expanded image, as indicated by the arrow, and the cross mark in the inset shows the location of the reactive site. (iii)
DN-BODIPY concentration dependence of the reduction reaction rates obtained for {001} (blue) and {101} (red) facets of a single TiO, crystal. (g)
Location of fluorescence bursts on the {001} (blue) and {101} (red) facets. The UV-irradiated areas are inside the black circles (diameter, 2 um).
(Panels f and g) are reproduced with permission from ref. 129. Copyright 2011, American Chemical Society. (h) Schematic showing the pho-
tocatalytic AR oxidation and Rz reduction on a single TiO, particle. (i) Fluorescent images showing the formation of fluorescent products on
a single TiO, particle via AR photooxidation (left) and Rz photoreduction (right). (j) Model of anatase TiO, with both (001) and (101) surfaces and
their crystal edge. (k) DOSs of the edge site, (001) surface, and (101) surface of the cluster model without the scissor operator. () Relative energy
levels of the bands for different photocatalytic sites from the positions of the valence band maximum and the conduction band minimum in
DOSs and the flow route of photogenerated charge carriers. (Panels h—|) are reproduced with permission from ref. 130. Copyright 2019, National
Academy of Sciences.
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fluorescein'*® (Fig. 8d). Through the temporally and spatially
resolved observations of emissive fluorescein molecules on
single porous TiO, nanotubes, it was found that the fluorescein
intensity from the mesopores is one-order-of-magnitude
smaller than that from the macropores, despite the potential
advantage of the mesopores' smaller volume facilitating the
accumulation of -OH. These findings suggest that the kinetics
of reagent transport significantly affect the photocatalytic
activity. Fig. 8e illustrates the distribution of catalytically active
sites on the surface of TiO, nanotubes, corroborating the
presence of spatial heterogeneity among the catalytically active
sites within individual TiO, nanotubes.

Identifying active sites on semiconductor catalysts and
elucidating the kinetics of photogenerated electron-hole pairs
are imperative for designing optimal catalysts with improved
photocatalytic efficiency.’””'** Owing to the nanometer-level
spatial resolution, SMFM has demonstrated its capability in
probing the nature of charge carriers and their distributions. As
depicted in Fig. 8f, TIRF microscopy was employed to examine
the crystal-facet-dependent photocatalytic reduction of 3,4-
dinitrophenyl-BODIPY (DN-BODIPY) on individual anatase TiO,
bipyramidal nanoparticles.”” Based on the distribution of
detected single-molecule events and the [DN-BODIPY]-
dependent reaction rate, the lateral {101} facets were found to
be catalytically four times more active than the basal {001}
facets. Meanwhile, DN-BODIPY adsorption on TiO, also shows
facet dependence, with the adsorption equilibrium constant K
of 0.59 and 1.4 uM " on the {001} and {101} facets, respectively.
Moreover, when UV light irradiated the (001) facet of TiO,
through a 100 pm pinhole, fluorescent product molecules were
also detected on the (101) facets without direct irradiation
(Fig. 8g). In sharp contrast, when the (101) facet was selectively
irradiated by UV light, the (001) facet exhibited significantly
reduced the catalytic activity. These observations imply that the
{101} facets may function as reservoirs for photogenerated
electrons.

Later on, Wang et al. further investigated the charge carrier
distributions on individual TiO, bipyramidal nanoparticles by
using the electron (e~ )-catalyzed Rz reduction to Rf and hole
(h*)-catalyzed AR oxidation to Rf as the probe reactions via
SMFM (Fig. 8h)."*® Fig. 8i shows the representative TIRF images
of TiO,-catalyzed fluorogenic reactions under laser irradiation,
with the bright spots indicating the occurrence of AR oxidation
to Rf (left panel) and Rz reduction to Rf (right panel). Notably,
the fluorescent product distribution suggests that the edges and
corners of the crystals are catalytically more active than the
basal {001} facets for both oxidation and reduction reactions.
Analysis of the DOSs within the cluster model highlights that
the energy band structure at the crystal edges is distinctive from
those at the {001} and {101} surfaces (Fig. 8j), suggesting that
the edges where the {001} and {101} surfaces converge serve as
pivotal accumulation points for photogenerated electrons and
holes, thereby acting as effective sites for redox reactions
(Fig. 8k and 1).

Photoelectrochemical water splitting represents a promising
technology for green hydrogen production, which, however, is
limited by the sluggish anodic water oxidation reaction, ie.,

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry A

oxygen evolution reaction (OER)."*'"*** To enhance the efficiency
of photogenerated holes in oxidizing water, oxygen evolution
catalysts (OECs) are typically used to increase the photocurrent
and reduce the onset potential.*** Nonetheless, the use of excess
OECs would hinder light adsorption and deteriorate the
performance of photoanode catalysts."*>**® Thus, it is necessary
to precisely localize the optimal deposition sites for OECs by
differentiating the heterogeneous surfaces on photocatalysts.
To overcome this challenge, Sambur and co-workers introduced
an innovative approach via the integration of single-molecule
fluorescence imaging, sub-particle photocurrent mapping,
and site-selective co-catalyst deposition on individual photo-
catalysts for rationalizing and enhancing the performance of
rutile TiO, photoanodes in water-splitting reactions.*® In
a typical apparatus, rutile TiO, nanorods with proper density
were dispersed on transparent indium tin oxide (ITO), which
was sandwiched with a coverslip to form a microfluidic photo-
electrochemical cell and served as the working electrode
(Fig. 9a). An Ag/AgCl electrode and Pt wires were placed at the
outlet of the microfluidic cell, serving as the reference and
counter electrode, respectively, for connecting to an electro-
chemical workstation. By mapping the distributions of charge
carriers on individual TiO, nanorods using h'-induced AR
oxidation and e -induced Rz reduction reaction, respectively,
the authors found that the most active sites for both h*-induced
oxidation and e -induced reduction reaction are identical,
which are also the most important sites for hole-electron
recombination (Fig. 9b). These sites form catalytic “hotspots”
on TiO, nanorods and should originate from surface structural
defects.

To probe local water oxidation efficiencies, the authors
focused a 375 nm laser on a nanorod spot and measured the
potential-dependent photocurrents through the three-electrode
microfluidic cell (Fig. 9a). Surprisingly, they found that spots
with higher hole and electron activities also show larger
photocurrents, indicating that higher surface activity is related
to higher water oxidation efficiency. To further enhance the
photoelectrocatalytic performance of TiO, nanorods, the
authors proposed a sub-particle, site-selective deposition of
OECs on the TiO, surface spots with high or low activity.
Significantly, depositing OECs on both the high- and low-
activity spots led to a remarkable enhancement in photocur-
rent (Fig. 9c). Moreover, it was discovered that the optimal
catalyst deposition sites for photocurrent enhancement are the
lower-activity sites, whereas for overpotential reduction, the
optimal sites are these with more positive onset potentials
(Fig. 9¢). These findings provide an activity-based strategy for
rationally engineering catalyst-improved photoelectrodes for
photoelectrochemical water splitting.

Apart from water splitting, the generated holes in semi-
conductor photocatalysts can also be utilized to degrade
micropollutants via oxidation reaction for water decontamina-
tion in either a direct or indirect manner."*” For direct oxida-
tion, holes are transported from the semiconductor interior to
the semiconductor-electrolyte interface.”*®*** However, for
indirect oxidation, holes are consumed by water oxidation and
generate ROSs such as hydroxyl radical and superoxide anion,
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Fig. 9 (a) Schematic of the experimental setup for wide-field charge carrier chemical imaging of photoelectrocatalysis via TIR excitation by 375
and 532 nm lasers or sub-particle photocurrent mapping by focused 375 nm laser excitation, in a three-electrode photoelectrochemical
microfluidic device. (b) Super-resolution mapping of the electron- and hole-induced reactions on the surface of individual TiO, nanorods. (c) i—E
curves from spots S1 and S2 before and after OECs deposition. (Panels a—c) are reproduced with permission from ref. 33. Copyright 2016, Nature
Publishing Group. (d) Illustration of photoelectrooxidation of an organic substrate R to a product P and of H,O/OH™ to O, on a TiO, photoanode.
(e) Scatter plot (i) and 2D histograms in 40 x 40 nm? pixels (ii) of all the individual P molecules (orange dots) generated from h*-induced AR
oxidation reactions. The white line is the nanorod structural contour from its SEM image (iii). The scale bars are 200 nm. (f) Single-molecule AR
oxidation rate (var) for 37 individual nanorods (red dots) and the average var over 37 nanorods (black squares). Error bars represent SD. (g)
Nanorod-averaged var data from (G) plotted as var” versus potential for £ = —0.3 V. Error bars represent error propagated SEM. (Panels d—g) are
reproduced with permission from ref. 141. Copyright 2016, American Chemical Society.

which further degrade the micropollutants (Fig. 9d)."*
However, the underlying mechanism for micropollutant
degradation remains unclear owing to the lack of analytical
tools. Recently, Sambur and co-workers employed quantitative
single-molecule, single-particle fluorescence imaging to
measure the photoelectrocatalytic oxidation rate of a model
organic substrate, AR, on the surface of individual rutile TiO,
nanorods.*** When the oxidation reaction occurs, AR molecules
are oxidized into Rf molecules, which are strongly fluorescent
and can be detected by microscopy imaging at the single-
molecule level (Fig. 9e). Based on the calculation of reaction
kinetics, the AR oxidation rate v,r shows distinctive depen-
dence on the light intensity I, and applied potential E. For the
direct mechanism, v, should scale with I, and (E)*'?, which is
inconsistent with the measured results (Fig. 9f and g). For the
indirect mechanism via reaction with surface-adsorbed H,0,,
var should be independent of both I, and E, again inconsistent
with the data (Fig. 9f and g). Significantly, for the indirect
mechanism via surface adsorbed -OH, v,y is predicted to scale
with (I,)** and potential (E)*'*, in agreement with the experi-
ment results (Fig. 9f and g). The light-intensity- and potential-
dependent scaling relations demonstrate the indirect oxida-
tion mechanism for AR degradation, offering new insights into
the underlying mechanism of micropollutant removal.

19642 | J Mater. Chem. A, 2024, 12, 19627-19662

3.2. Other semiconductor nanomaterials

Although TiO, has garnered extensive attention for its stability
and photocatalytic efficiency, its wide bandgap requires the
adsorption of UV light with sufficient photon energy for exciting
charge carriers, thereby showing low adsorption of visible light
that limits its applications in photocatalysis."**™** Recently,
photocatalysts such as bismuth vanadate (BiVvO,) and indium
selenide (InSe) have drawn significant attention owing to their
superior capabilities in absorbing visible light and facilitating
efficient charge transport.**»'** In particular, when multiple
facets are present on photocatalyst particles, inter-facet junc-
tions may be formed at the edges of different crystal facets. Such
inter-facet junctions present notable deviations from the
conventional 2D heterostructures, with the band structure near
the edges markedly diverging from that within the interior
regions of the particle."***® Additionally, the electric fields
generated by the work-function differences between adjacent
planes may alter unpredictably along the particle surface or
internally. As such, it is necessary to probe the effects of these
interfacial connections and the consequent variations in intra-
planar functional properties, especially under practical
conditions.

To this end, Mao et al. employed BiVO, truncated bipyra-
mids with well-defined {010} and {110} planes to investigate the
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effects of inter-facet junction on the photoelectrocatalytic
properties of anisotropically shaped BiVO, particles using
subfacet-level multimodal functional imaging (Fig. 10a-g).'"*
The 0>~ (electron donor)-rich {010} facets feature a higher work
function than the {110} facets that are Bi’" rich (electron
acceptor),” forming an inter-facet junction.'* Consequently,
the valence and conduction band levels at the surface (E5*™ and
ES™ respectively) show intra-facet variation and a location-
dependent band-bending degree (Agsg;) when contacting elec-
trolytes. By measuring the sub-particle photocurrent iy, via an
illuminated local structure across the inter-facet junction, they
found that i, exhibited variations across different facets that
span a few micrometers and even within the same facet near the
edge regions, showing an s-like monotonic increase from the
center of the {010} facet to the {110} facet (Fig. 10d). The authors
attributed the striking subfacet-dependent photocurrent to the
effects of inter-facet junctions, which lead to the variation in the

b h*reaction map
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local band structure and thus the photoelectrochemical
properties.*>"*>

To further explore the local photoelectrochemical properties
with precision surpassing that of diffraction-limited photocur-
rent mapping, SMFM imaging experiments based on fluoro-
genic Rz reduction and AR oxidation suggest the charge carrier
distribution, with {010} and {110} facets dominated by electrons
and holes, respectively (Fig. 10b and c). Significantly, they
unveiled spatial variations in surface hole activities within the
same facet for the first time, with the specific reaction rate (v,)
exhibiting a micrometer-scale sigmoidal trend across the facet
junction (Fig. 10e, red), paralleling the local anodic photo-
electrochemical current trend from h*-induced water oxidation
but with significantly finer spatial resolution (~10 times). At
less anodic potentials (e.g., <0.6 V), e -induced reactions were
observed, with the specific reaction rate (v.) indicating an
opposite sigmoidal spatial trend to that of v}, (Fig. 10e, blue),
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(a) SEM image of a representative BiVO, particle. (b and ¢) Super-resolution images of h*-induced oxidation (b) and e~ induced reduction

reactions (c). (d and e) Subfacet-position dependences of iy, (d), v, and ve () at selected potentials. (f) Subfacet-position dependencies of Vg and
Nsep- (Q) Facet size L dependencies of whole-particle photoelectrochemical current densities () at an overwhelmingly anodic potential of 1.13 V.

Each circle represents an experimentally measured quantity from one

catalyst particle. The shaded surface is based on theoretical prediction.

Orange (green) lines: jon VS. Lio10y at fixed Loy (Panels a—g) are reproduced with permission from ref. 149. Copyright 2022, Nature Publishing

Group. (h) Mapping of photocatalytic events on InSe flakes. The color

bar denotes the number of detected fluorescent product molecules. (i)

Histogram distribution of photocatalytic TORs at four kinds of typical subregions. (j) APF concentration dependence of APF reaction rate (vap)
(top) and fluorescein dissociation rate (vq4) (bottom). (k) Single-molecular tracks over InSe during a short imaging period under 1 M APF in 1x
phosphate-buffered saline (PBS) buffer. The interval between the two data points is 0.1 s. Inset: Apparent diffusion coefficients of fluorescein at
different structural features. (Panels h—k) are reproduced with permission from ref. 159. Copyright 2021, AAAS.
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indicating intra-facet spatial variations. Additionally, the flat-
band potential (Vgg) of this particle exhibits an s-like transi-
tion along the x direction across the {010}/{110} edge (Fig. 10f,
red), providing a direct insight into inter-facet junction effects
within an anisotropically shaped semiconductor particle.
Similarly, the electron-hole separation efficiency (7cp) displays
an s-like transition along the x direction across the inter-facet
edge over the same length scale (Fig. 10b, blue), but in the
opposite direction to Vgg, as anticipated, given that steeper
solid-electrolyte interface (SEI) band bending correlates with
more efficient charge separation. Moreover, the facet-size
scaling relationships (Fig. 10g) provide quantitative insights
for optimizing shaped particulate photoelectrodes by adjusting
the sizes of junction-forming facets. These results confirm the
impact of inter-facet junction effects on the photo-
electrocatalytic activity of anisotropically shaped semi-
conducting catalysts, paving the way for a novel understanding
of the photoelectrocatalytic properties of faceted semi-
conducting materials.

In recent years, defect-rich 2D layered material catalysts have
been extensively investigated and are anticipated to potentially
replace noble metal catalysts for various catalytic reactions
owing to abundant active sites, low cost, and tunability.*>**>*
More attractively, it is well demonstrated that compared with
other surface sites, the defect sites are catalytically more
active.'*®'*® To this end, enormous efforts have been devoted
toward engineering the defect sites on nanocatalysts to enhance
the catalytic performance of 2D material catalysts. In this case,
acquiring a comprehensive understanding of the physico-
chemical properties and catalytic reaction kinetics of individual
defects will offer necessary insights into defect engineering.'*”
However, conventional analytic techniques, such as trans-
mission electron microscopy*** and tip-enhanced Raman spec-
troscopy,**® are unable to investigate the catalytic properties of
individual defects under operando conditions, thereby
imposing an obstacle to the understanding of reaction
mechanisms.

Recently, Fang and co-workers spatially deconvoluted the
heterogeneous reaction dynamics of photocatalytic reactions at
the individual defects of 2D layered InSe nanoflakes via single-
molecule fluorescence imaging.'® Utilizing an h*-induced APF
oxidation to strongly fluorescent fluorescein, they spatially
differentiated the photocatalytic activities at several different
structural defects (i.e., basal plane, edge, wrinkle, and vacancy),
as shown in Fig. 10h. By counting single-molecule turnover
events at specific defect sites of a 2D InSe nanoflake, the pho-
tocatalytic activity was found to follow an increasing order of
basal plane < edge <wrinkle < vacancy (Fig. 10i). By titrating the
photocatalytic oxidation versus the APF concentration, a variety
of quantitative parameters including adsorption equilibrium,
reactant conversion, and product dissociation were derived at
the single-turnover level. As illustrated in Fig. 10j (top), reaction
kinetic data derived from distinct structural features of a single
InSe flake reveal adherence to the Langmuir-Hinshelwood
kinetic model,****** showing a clear saturation behavior at high
[APF]. Specifically, the as-derived chemical conversion rate
constants ke at three defect types (edges, wrinkles, and
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vacancies) were found to be 2.2, 5.0, and 10.5 times higher than
those on the basal plane, respectively. This superior perfor-
mance was attributed to the different efficiencies in photo-
generation and separation of electron-hole pairs, which are
strongly structure dependent. Other factors such as different
photon adsorption efficiencies'®* and effective masses of the
electrons and holes at different structural features'®® may also
contribute to the variation in photocatalytic activities. In sharp
contrast, the adsorption equilibrium constant Kjpr demon-
strates an opposite trend. Compared with the low-coordinated
edges, wrinkles, and vacancies, the large flat surface allows
the APF molecules to possess a lay-down configuration and thus
gives the largest Kypr value.

To further elucidate the effects of various structural features
on the surface diffusion behaviors of fluorescein, they tracked
the lateral movements of single fluorescein molecules. Fig. 10k
exhibits the trajectories of single molecules on InSe, where
three types of molecular diffusion behaviors, i.e., mobile,
immobile, and hybrid trajectories, were observed at all surface
sites. Notably, the distribution of these diffusion behaviors
varies across different structural features, with the basal plane
and edge exhibiting considerable proportions of mobile
trajectories, approximately 30%. Conversely, fluorescein mole-
cules are more likely to be trapped at wrinkles and vacancies,
leading to a reduced prevalence of mobile trajectories (12% and
5%, respectively), aligning with the observed trends in apparent
diffusion coefficients (Fig. 10k, inset), indicating gradually
strengthened interactions between fluorescein and these four
structural features (basal plane, edge, wrinkle, and vacancy).
These observations contribute to a deeper understanding of
catalytic dynamics at specific defects, informing the strategic
design of high-efficiency 2D material catalysts through targeted
defect engineering.

4. Heterostructured nanomaterials
4.1. Metal-metal heterostructures

Bimetallic nanoparticles exhibit enhanced catalytic activity due
to the geometric effect and/or the ligand effect as a result of
metal-metal interactions compared with their monometallic
counterparts.'®*'* Numerous experimental and computational
endeavors have been dedicated to comprehending the catalytic
enhancements stemming from bimetallic effects. In particular,
bimetallic catalysts consisting of a plasmonic nanoparticle,
such as Au and Ag, and a non- or weakly plasmonic catalyst
nanoparticle like Pd, Pt, Ru, and Rh have garnered significant
attention due to the widespread use of these transition metals
for industrial applications.'*”*¢°

By combining single-molecule super-resolution catalysis
imaging with electron microscopy, Chen and co-workers re-
ported the quantitative visualization of enhanced activity within
bimetallic nanoparticles.* They focused on heterostructured
bimetallic Pd-Au nanoparticles, which are composed of a penta-
twinned Pd nanorod (length: ~500-4000 nm; diameter: 25.5 +
2.8 nm) with a pseudospherical Au nanoparticle (diameter:
~60-140 nm) grown on one or both of its tips, encapsulated
within a thin mesoporous silica shell. The Pd-Au nanoparticles
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presented a bimetallic interface for catalyzing a photo-driven component; Aupq region, the bimetallic component dominated
fluorogenic Rz disproportionation to produce Rf, where the by Au with minor Pd doping; and the monometallic Au
532 nm light serves a dual role: driving the reaction and exciting component) and titrating the reaction rate as a function of
the fluorescence of Rf. As shown in the 2D activity map reactant concentration [Rz] or light power density I, the authors
(Fig. 11a), a large number of catalytic events were observed derived the catalytic rate constant k and reactant adsorption
around the Pd-Au interfacial region, marking a direct visuali- equilibrium constant K for each region. As [Rz] increases, the
zation of the catalytic enhancement resulting from the bime- TORs of Pd-Au nanoparticles follow the Langmuir saturation
tallic effect. By dissecting each Pd-Au heterostructure into kinetics for heterogeneous catalysis (Fig. 11c). As I increases,
different regions (Fig. 11b: Pd,, region, a bimetallic component the TORs of individual particles exhibit a linear increase
dominated by Pd with minor Au doping; the monometallic Pd  (Fig. 11c), opposite to the quadratic power dependence of the
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Fig.11 Super-resolution fluorescence imaging of metal-metal heterostructured nanomaterials. (a) 2D histogram of product positions on a Pd—
Au heterostructured nanoparticle. Outer white line, structural contour; white circle, the contour of the Au particle. (b) Segmentation of a typical
Pd—Au nanoparticle. (c) Reactant concentration [Rz] (black) and 532 nm laser power density / (red) dependencies of the TOR per Pd—Au
nanoparticle. Solid symbols: the single particle in panel a. Open symbols: results averaged over 53 nanoparticles. Error bars: SEM for y and SD for
x. (d) [Rz] and (e) | dependencies of specific TORs of the segments for the nanoparticle in (panels a). (Panels a—e) are reproduced with permission
from ref. 29. Copyright 2017, American Chemical Society. (f) Plasmon-driven modulation of reaction pathways of individual Pt-modified Au
nanorods. (Panels f) is reproduced with permission from ref. 175. Copyright 2020, American Chemical Society. (g) From left to right are the FDTD
simulations of electric-field distribution from Au NBPs, aPt—Au NBPs, and ePt—Au NBPs. The red arrows indicate the orientation of the incident
electric field. (h) Corresponding schematic of the catalytic mechanism of nanostructures in (g). Panels g and h are reproduced with permission
from ref. 176. Copyright 2022, American Chemical Society. (i) Quantitative super-resolution mapping of catalytic products on a nanostructure. (j)
FDTD simulation of electric-field enhancement pattern on the nanostructure in (i) at 532 nm with circularly polarized incident light. (k) Quan-
titative super-resolution mapping of catalytic products on the Au—Ag nanostructure. (1) Specific TORs of individual linked Au—Au nanorods at the
gap and non-gap regions vs. their local incident light power density incident at 532 nm. Each open symbol represents a single nanostructure. The
solid symbols are binned and averaged data to obtain general trends. Lines are quadratic fits. (Panels i-1) are reproduced with permission from ref.
182. Copyright 2018, American Chemical Society.
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uncatalyzed reaction, indicating that the rate-limiting step of
the catalytic reaction involves only one photoexcited reactant
molecule. Furthermore, the specific catalytic rates in four
regions of each heteronuclear Pd-Au nanoparticle (Fig. 11b)
display saturation kinetics with an increase in reactant
concentration and a linear correlation with 7 (Fig. 11d and e).
They observed that the as-derived k values for Pd,, and Aupq
regions are approximately 50% higher than those of the corre-
sponding monometallic counterparts, whereas the K values for
these regions are roughly 30% smaller. For each type of region,
the individual k and K values for single Pd-Au nanoparticles are
inversely correlated. The opposite trends indicate that the
enhanced catalytic activity is associated with weakened reactant
adsorption, as explained by the transition state theory, where
less stable reactants have a lower activation barrier to reach the
transition rate.'”® DFT calculations indicate that replacing Pd
with Au on Pd(100) or replacing Au with Pd on Au(111) can
elongate the N-O bond. This elongation arises from heightened
forward- and back-donation interactions, thereby enhancing
the activation of the N-O bond for cleavage on the bimetallic
surfaces. Quantifying the activity at the sub-particle level not
only provides a detailed understanding of catalytic enhance-
ments at bimetallic interfaces but also identifies optimal loca-
tions for constructing bimetallic sites. Recently, using SMFM, Li
and co-workers observed a significant increase in the catalytic
efficiency of Pd nanoparticles near silver nanowires, which was
attributed to LSPR excitation."”* Catalysis is further boosted
near roughened Ag nanowires or nanogaps, shedding light on
the plasmon excitation's role in enhancing catalysis and
guiding the development of efficient plasmonic photocatalysts.
By quantifying the enhancement of bimetallic activity on the
nanoparticles and pinpointing favorable locations for bime-
tallic site formation, these studies demonstrate the effective-
ness of super-resolution catalysis imaging in guiding the
development of bimetallic catalysts.

In addition, Au-Pt bimetallic nanostructures have also
received tremendous attention owing to the versatility of Pt in
various catalytic reactions."””'’* However, understanding the
underlying kinetic mechanisms of plasmon-enhanced catalysis
remains ambiguous, which is key to designing optimal bime-
tallic nanocatalysts. To this end, Chen and co-authors charac-
terized the product formation rate of a fluorogenic Rz reduction
to Rf at both single-particle and ensemble levels on Pt-tipped Au
nanorods (Au-Pt nanorods).”” The difference in catalytic
behaviors observed with and without illumination indicates
that energetic charge carriers induce a transition from
a competitive reactant adsorption type to a non-competitive
adsorption type (Fig. 11f). A similar change in the reactant
adsorption mechanism was observed for Au nanorods, whereas
Pt nanoparticle catalysis consistently follows a competitive
mechanism regardless of light illumination. The transition in
the adsorption mechanism was attributed to the excitation of
LSPR in the Au-Pt nanorods upon illumination. Moreover, the
authors conducted FDTD calculations to compute the optical
properties of Au-Pt nanorods and found that the charge
generation rate in the Pt cap is enhanced by the presence of Au,
even surpassing the charge generation rate in the Au core itself.
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In particular, the capping of Au nanorods with Pt also increased
the absorption efficiency over the entire wavelength range of
400-1000 nm. Additionally, compared with pure Pt, Au-Pt
nanorods exhibit volumetric absorptivity approximately four
times greater for transversal surface plasmon resonance
(LSPRy) peaks and around 200 times greater for longitudinal
surface plasmon resonance (LSPR;) peaks, suggesting that
high-energy charges probably originate from the optical exci-
tation of intermediate plasmon modes in Pt. Taken together,
the coupling between non-plasmonic and plasmonic metals can
facilitate the formation of high-energy charge carriers and their
transfer to catalytically active sites.

To gain deeper insights into the structure-dependent hot
carrier transfer mechanism from bimetallic nanostructures,
Chen and co-workers investigated Pt-modified Au nano-
bipyramids (Pt-Au NBPs) at the single-particle level using
single-molecule fluorescence imaging, where AR N-deacetyla-
tion to fluorescent Rf served as a model reaction.'”® Specifically,
they successfully synthesized Au nanobipyramids (NBPs) with
Pt nanoparticles deposited on all the surfaces (aPt-Au NBPs) or
selectively on the two ends (ePt-Au NBPs). When used as cata-
lysts, the catalytic activity of ePt-Au NBPs was significantly
improved compared with those of Au NBPs and aPt-Au NBPs. At
saturated [AR], the TORs of ePt-Au NBPs (1.71 £ 0.09 s ') and
aPt-Au NBPs (0.76 & 0.04 s~ ') were approximately 2.67 and 1.19
times faster than that of Au NBPs (0.64 & 0.03 s~ *). The superior
performance of ePt-Au NBPs relative to aPt-Au NBPs and Au
NBPs was explained by the fast spontaneous-surface-
restructuring rate, which generates more active sites for cata-
Iytic reactions. Moreover, the hot electrons generated by the
plasmonic effect of Au can transfer their energy to Pt nano-
particles during self-thermalization and relaxation, inducing
boosted Pt lattice vibrations with a strong EM field that
promotes substrate activation and photocatalytic reactions. To
further probe the effect of EM, FDTD calculations were con-
ducted to map the EM-field distribution. Fig. 11g displays the
calculated localized electric-field mapping of Au NBPs, aPt-Au
NBPs, and ePt-Au NBPs. In particular, Au NBPs generate EM-
field enhancement with a maximum value |Ep,ay|*/|Eo|* of 75.4
at two tips, where Ey, .« represents the local maximum electric
field and E, denotes the amplitude of the input electric field.
The plasmon resonance undergoes significant damping after Pt
nanoparticles are loaded around the surface of Au NBPs due to
direct energy absorption by the deposited Pt nanoparticles. As
a result, the EM-field enhancement decayed to 35.2, leading to
rapid recombination of the generated hot carriers (Fig. 11h). For
ePt-Au NBPs, the negligible surface coating allows for the
retention of a noticeable LSPR, with a measured |Epa|*/|Eo|* up
to 49.1. Compared with aPt-Au NBPs, the strong EM field at the
tips endows additional hot electron generation capability from
Pt nanoparticles, thereby leading to a superior catalytic activity
of ePt-Au NBPs (Fig. 11h). Taken together, these two studies of
Au-Pt nanocatalysts offer valuable insights and guidelines for
the design of plasmon-based photocatalysts, particularly
bimetallic nanostructures.

Apart from bimetallic catalysts consisting of plasmonic/non-
plasmonic paired nanoparticles, there is considerable interest
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in plasmonic bimetallic nanostructures that consist of two
plasmonic metals.”””"”® These structures exhibit localized
surface plasmon (SP) resonance upon excitation with visible
light, creating a strong oscillating electric field within nano-
meters of the nanoparticle surface. Despite that, ensemble-level
measurements have been crucial in investigating the mecha-
nisms of SP-enhanced catalysis,'***** they are unable to differ-
entiate the intrinsic heterogeneities of plasmonic
nanostructures. In particular, the electric-field enhancement on
plasmonic particles varies depending on their shape and
polarization of the excitation light, creating intense regions
called “hotspots” notably found in nanoscale gaps between
particles, which significantly impact the measured catalytic
activity at the ensemble level. To address this challenge, Zou
and colleagues reported a quantitative visualization of SP-
enhanced catalytic activity on two nanostructures that present
nanoscale plasmonic hotspots: linked Au-Au nanorods and
linked Au-Ag nanorod/nanoparticles, both encapsulated by
mSiO, to stabilize the linkage structures.'®* Specifically, the two
nanostructures exhibit nanoscale gaps of ~8 nm between the
linked nanorod/nanoparticles. The catalytic reaction used for
single-molecule fluorescence imaging is the reductive deoxy-
genation of Rz by hydroxylamine to generate Rf. Higher reaction
rates at these gaps, compared to non-gap regions, indicate SP-
induced catalytic enhancements, which were directly corre-
lated with nanostructure geometries and local-electric-field
enhancements. Specifically, under 532 nm laser illumination
with a power density of 1.27 kW ecm ™2, the catalytic activity in
gap regions of Au-Au nanorods surpasses that in non-gap
regions by approximately 1.9 times on average, with
a maximum enhancement of 3.1 times at the single-
nanostructure level (Fig. 11i). FDTD calculations suggest
a clear electric-field hotspot at the gap regions that effectively
correlates with the activity distribution on the linked Au-Au
nanorod (Pearson's correlation coefficient p = 0.76 + 0.05),
directly supporting the fact that the catalytic enhancement at
the gap region arises from local-electric-field enhancement
(Fig. 11j). Moreover, the authors discovered that the local-
electric-field enhancement at the gap region sensitively
depends on the size of the gap, with a large gap size leading to
a decreased catalytic activity. In addition, Au-Ag nanostructures
were also investigated in catalyzing the same Rz reduction
reaction. Similar to the case of linked Au-Au nanorods, the
catalytic activities in the gap regions of Au-Ag nanostructures
were also boosted (Fig. 11k), approximately 2.1 times higher on
average than those in the non-gap regions. In particular, for
individual nanostructures, the activity in the gap regions can be
enhanced up to ~3.9 times—clear evidence for catalytic
enhancements by the plasmonic hotspots. The role of plas-
monic hotspots in promoting the catalytic activity was further
confirmed by light-intensity-dependent activity measurements.
As shown in Fig. 111, the specific TORs in the gap regions exhibit
a quadratic increase with rising local incident power density,
which was due to the promoted plasmonic effect by the
increased 532 nm laser intensity. When the light power density
is below 1.5 kW cm™?, the specific TOR shows a slight depen-
dence on the light power density, consistent with the studies on
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individual Au nanoparticles mentioned above.** When the light
power density is above 1.5 kW cm ™2, the TOR increases rapidly.
This dependence suggests that the potential mechanisms for
catalytic enhancement must involve two types of photoexcited
species, such as SP-induced hot electrons or photoexcited Rz
molecules.®"'*

4.2. Metal-semiconductor heterostructures

Metal-semiconductor heterostructures hold promise as effec-
tive photocatalysts for various catalytic reactions.'®*'*® The
incorporation of noble metals with a large work function onto
metal oxide supports has been shown to significantly enhance
the charge separation efficiency, thereby greatly enhancing the
photocatalytic performance.'® Understanding the interfacial
electron transfer mechanism within metal-semiconductor
nanostructures is crucial for optimizing their optoelectronic
and catalytic properties. To this end, the single-molecule fluo-
rescence imaging technique has been extensively employed to
study the interfacial electron transfer dynamics in such nano-
composite systems.

Using super-resolution imaging, Majima and co-workers
identified the photocatalytic reaction sites of individual TiO,
particles loaded with Au nanoparticles (Au/TiO,).**”**® In 2011,
they introduced a boron-dipyrromethene (BODIPY) derivative
that can be reduced from non-fluorescent 3,4-dinitrophenyl-
BODIPY (DN-BODIPY) to fluorescent 4-hydroxyamino-3-
nitrophenyl-BODIPY (HN-BODIPY) to study the photocatalytic
redox reaction of Au/TiO,."*” Compared with pristine TiO,, the
Au/TiO, metal-semiconductor junctions exhibited significantly
superior photocatalytic activity, attributable to the enhanced
charge separation within TiO, in the presence of Au co-catalyst.
The photocatalytic activity, as indicated by the generation rate
of fluorescent products, was found to be influenced by both
substrate concentration and UV-light intensity, as well as the
size of Au particles. Specifically, as the size of the Au nano-
particles decreases from 14 to 5 nm, the obtained apparent
adsorption constant for substrate (K,q) values on Au/TiO,
nanoparticles increases from ~0.8 to ~1.1 mM " (Fig. 12a and
b), all of which are much greater than that of the TiO, system
(~0.5 mM ™). These results indicate that DN-BODIPY tends to
adsorb on the surface of Au in Au/TiO, and smaller Au nano-
particles show stronger substrate-binding affinity, primarily due
to the existence of more low-coordination Au atoms. Combined
with the fact that the fluorescence bursts are probably distrib-
uted across the loaded Au nanoparticles, it was speculated that
the reduction of DN-BODIPY on Au/TiO, was primarily triggered
by accepting electrons accumulated in the Au nanoparticles.

Later on, the research group further developed two novel
water-soluble fluorogenic probes for investigating interfacial
electron transfer processes on the same nanocatalysts.'®® The
probes belong to the DN-BODIPY family and feature mono- and
disulfonated groups on the BODIPY fluorophore, namely, MS-
DN-BODIPY and DS-DN-BODIPY, respectively, which could
facilitate the generation of fluorescent products through
multiple interfacial electron transfer processes. Excitingly, the
sulfonated probes showed a significant fluorescence intensity
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Fig. 12 Super-resolution fluorescence imaging of metal-semiconductor heterostructured nanomaterials. (a and b) DN-BODIPY concentration
dependence of (a) (to¢) and (b) (zon) Obtained for TiO, (black), 5 nm Au/TiO; (blue), 8 nm Au/TiO, (green), and 14 nm Au/TiO; (red). The inset in
panel a shows a typical TEM image of 8 nm Au/TiO, particles. (Panels a and b) are reproduced with permission from ref. 187. Copyright 2011, The
Royal Society of Chemistry. (c) Excitation spectra of the TiO, (solid black line) and Au/TiO, (solid red line) samples measured at a fixed emission
wavelength of 531 nm (width, 40 nm). The excitation spectrum of the bulk solution of the product DS-HN-BODIPY (solid blue line) and the
absorption spectra (broken lines) of TiO, (gray), AuTiO; (pale red), and DS-DN-BODIPY (pale blue) are also shown. (d) Proposed mechanisms of
plasmon-induced photochemical reactions on Au/TiO,. S and P are the substrate and fluorescent products, respectively. Er is the Fermi energy
of the Au nanoparticles. (e) Overlay of the SEM image and spatial distributions of fluorescence spots (red dots, >50 spots) collected from TiO, and
14 nm Au/TiO; particles. Scale bar = 100 nm. The locations of the reactive sites and Au nanoparticle are surrounded with dashed lines in red and
blue, respectively. (Panels c—e) are reproduced with permission from ref. 188. Copyright 2013, American Chemical Society. (f) Schematic
illustrating two distinct photocatalysis mechanisms. (g) Super-resolution mapping of individual reactive sites on a high-metal-loading Au—-CdS
heterostructure at 532 nm. The circled blue crosses show a product molecule caused by the h* reactive sites on Au, whereas the circled red
minuses show a product molecule from the e™ reactive sites. Inset: TEM image of typical single high-metal-loading Au—CdS heterostructures.
(Panels f and g) are reproduced with permission from ref. 189. Copyright 2014, American Chemical Society. (h) Single-particle fluorescence
imaging elucidates semiconductor shell influence on Ag@TiO, photocatalysis. () TEM image of a representation Ag@TiO, nanoparticle with
a TiO; shell thickness of 20 nm. (j) [AR] dependence of TOR with different nanoparticles as the catalyst. Error bars show the standard derivation.
(K) yets and Ky vs. Ag@TiO, with different shell thicknesses. Error bars show the standard deviations. (L and m) The E-field enhancement |E\2 for (1)

P5 and (m) P20 nanocatalysts. (Panels h—m) are reproduced with permission from ref. 194. Copyright 2021, American Chemical Society.

increase in an acidic solution, with the probe concentration
reduced to 10 nM, more than two orders of magnitude lower
than that of unmodified DN-BODIPY, highlighting their
stronger adsorption on TiO, surfaces. Then, the authors
showcased the use of DS-DN-BODIPY to explore visible-light-
induced redox reactions on TiO, and Au/TiO, at the single-
particle, single-molecule level (Fig. 12c). The emission spectra
observed during photoirradiation confirm the generation of
product molecules, with slight differences observed between
TiO, and Au/TiO, samples, indicating possible fluorescence
quenching and enhancement effects by the presence of Au
nanoparticles. Moreover, the observed spectra closely resemble
the absorption and excitation spectra of the product in the bulk
solution, suggesting that the electrostatic interactions between
the product molecules and TiO, minimally influence the spec-
tral properties of the product molecules. The possible reaction
mechanism on Au/TiO, is depicted in Fig. 12d. For pristine TiO,
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nanoparticles, UV light is required to activate the conduction
band and initiate BODIPY photoreduction. In contrast, in the
case of Au-TiO, nanoparticles, visible excitation induces
plasmon-generated hot electrons in Au nanoparticles, which
drive the photoreduction reaction. The plasmon-induced hot
electrons are injected into the conduction band of TiO, across
the Schottky barrier and then participate in reducing the probe
molecules, whereas the remaining holes are scavenged by
methanol. Interestingly, the distribution of detected fluores-
cence bursts on TiO, and Au/TiO, was distinct, showing
a uniform distribution on TiO, nanoparticles but concentrated
distribution at the Au nanoparticles of Au/TiO, (Fig. 12e)
Moreover, the super-resolution mapping of visible-light-
induced reduction reactions on Au/TiO, shows that the reac-
tive sites were spatially distributed within a distance of a few
tens of nanometers from the deposited Au nanoparticles. Both
studies suggest that photocatalytic reduction and photocatalytic
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oxidation take place at or around the Au nanoparticles on the
TiO, surface, implying the importance of controlling the short
deposition distance of Au nanoparticles on TiO,. The proposed
single-particle, single-molecule methods with ultrasensitive
and water-soluble fluorescent probes may be highly valuable for
studying redox reactions in heterogeneous systems, including
solid materials and enzyme catalysts.

Apart from Au-TiO, hybrid nanocatalysts, researchers have
also extended the application of high-resolution super-
localization imaging to investigate other hybrid metal-semi-
conductor nanocatalysts, including Au-CdS,"* Sb-TiO,,"° and
others.* Clarifying the fundamental mechanisms in these
metal-semiconductor hybrid heterostructures is crucial for the
rational design of novel nanocatalysts with enhanced activity,
selectivity, and stability. Ha and co-workers synthesized CdS
semiconductor nanorods decorated with Au nanoparticles (Au-
CdS) and investigated their real-time redox photocatalysis at the
single-particle level with millisecond time resolution.*® The Au
nanoparticles had diameters ranging from 2 to 7 nm, and the
Au loading on the CdS nanorod (average length: 186 nm;
diameter: 6.0 nm) was estimated to be approximately 10.8 wt%.
Due to the separation of plasmonic and excitonic characteristics
in Au-CdS heterostructures, it was speculated that two distinct
photoinduced charge separation mechanisms should exist,
depending on the incident excitation energy (Fig. 12f). Mecha-
nism A begins with Au absorbing 532 nm light, leading to the
formation of d-band electron-hole pairs above the Fermi level
due to SP decay. Exciting plasmonic nanoparticles with
dimensions much smaller than their plasmon resonance
wavelength can efficiently generate hot electrons and holes.
Mechanism B starts with the semiconductor absorbing 405 nm
light, resulting in electron transfer to the metal. This process
increases the electron density within the Au nanoparticles,
shifting the Fermi level toward more negative potentials until it
aligns with the semiconductor's conduction band edge. Unlike
mechanism A, mechanism B charges Au negatively and the CdS
semiconductor positively, leading to two different charge-
separated Au-CdS species with opposite polarity. The
researchers employed fluorogenic AR oxidation to produce
highly fluorescent Rf to study the charge separation mecha-
nisms. In particular, during AR oxidation to Rf by holes, fluo-
rescence bursts were recorded at multiple spots. As shown in
Fig. 12g, they mapped the individual reactive sites on a single
high-metal-loading Au-CdS heterostructure under 532 nm laser
excitation by localizing the position of every Rf molecule, in
which the distribution of events correlates well with the 1D Au-
CdS structure (Fig. 12g, inset). Plasmon-induced energetic
electrons (red minuses), initially generated in metal particles,
are injected into the conduction band of CdS, consistent with
mechanism A involving photoinduced charge transfer from Au
nanoparticles to the CdS semiconductor under 532 nm light
illumination. The presence of mechanism B involving photo-
generated electrons and holes in CdS nanorods was further
confirmed at the ensemble level. In the presence of CdS nano-
rods, the absorption maximum of the Rf product at 573 nm was
observed to increase every 30 s, whereas it remained constant
without CdS nanorods, proving the oxidation of AR to Rf and
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thus the existence of mechanism B. Taken together, on one
hand, the plasmon of Au metal can be selectively excited at
532 nm to generate hot electrons injecting into the conduction
band of CdS for activating mechanism A (Fig. 12f, top); on the
other hand, the CdS semiconductor nanorod can be selectively
excited at 405 nm to generate charge carriers and the electrons
flowing into Au can effectively activate mechanism B (Fig. 12f,
bottom). The researchers also compared the product formation
and dissociation rates of mechanisms A and B during the
photocatalytic reaction. Significantly, they found that the
average product formation rate (o) ' of mechanism B is
approximately six times higher than that of mechanism A,
suggesting that mechanism B generates Rf molecules faster.
This could be attributed to the formation of more active and
longer-lived photogenerated carriers primarily within the CdS
nanorods under mechanism B.

Beyond investigating the photocatalytic electron transfer
process, understanding the structure-property relationship of
metal-semiconductor nanostructures plays a crucial role in the
design of outstanding photocatalysts. Current research on this
relationship is mainly limited to providing generalized infor-
mation at the ensemble level, which smears the heterogeneous
properties of individual nanocatalysts.”*"** Therefore, it is
necessary to study the catalytic process at the single-particle
level. Recently, Liu et al. examined the effect of the semi-
conductor shell on photocatalytic AR oxidation over Ag@TiO,
nanoparticles through single-molecule imaging (Fig. 12h).*** By
adjusting the amount of hydrolysis of titanium tetraisoprop-
oxide (TTIP) on Ag nanoparticles, the authors prepared nano-
catalysts with different thicknesses of TiO, shells (5, 10, 20, and
30 nm, denoted as P5, P10, P20 (Fig. 12i), and P30, respectively).
Under 532 nm laser illumination for exciting the plasmon of Ag
nanoparticles, the average TORs of photocatalytic AR were
found to increase with increasing substrate concentration [AR]
and then reach saturation but with different saturation levels
and initial slopes for Ag@TiO, with various shell thicknesses,
all of which can be effectively depicted by the Langmuir-Hin-
shelwood adsorption model (Fig. 12j). Fig. 12k shows the scatter
plots of the specific rate constant vy.¢ and adsorption equilib-
rium constant K; against the thickness of TiO,, clearly illus-
trating the parabolic-like trends between shell thickness and
veer and K; values. Specifically, P20 exhibits the highest y¢ and
K;, indicating superior activity relative to P5, P10, and P30. As
the shell thickness was increased from 5 to 20 nm, . and K;
show a clear increasing trend, attributable to the rise in the
number of electron-hole pairs that lead to a higher likelihood of
catalytic collisions. However, a further increase in shell thick-
ness leads to a decrease in y.¢and K. This is due to the increase
in the diffusion length of energetic carriers along with the
increased TiO, shell thickness, causing a reduction in plasma
enhancement and thus reduced efficiency of catalytic reactions.
To comprehend the maximum catalytic efficiency at P20, the
authors further calculate the E-field distribution in the
surrounding space of the Ag nanoparticle with varying TiO,
shell thicknesses to quantitatively elucidate the mechanisms.
As shown in Fig. 121 and m, the E-field intensity on the surface
of the Ag core, which stems from the LSPR of Ag nanoparticles,
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exhibits an axisymmetric distribution along the axis of beam
propagation. When the TiO, shell thickness of the Ag core was
increased from 5 to 20 nm, the magnitude of the E field was
remarkably enhanced, in agreement with the enhanced cata-
lytic activity. Although increasing the TiO, shell thickness to
30 nm could further enhance the E field near the Ag core, the
long diffusion length imposed by the shell to hot electrons
compromises the E-field enhancement. These results indicate
that both photogenerated electrons and hot electrons are
simultaneously involved in the catalytic process, and their
contributions to catalytic efficiency highly depend on the
structure of the nanocatalysts, which should be properly eval-
uated in photocatalyst design. All these super-resolution
measurements contribute to a more comprehensive under-
standing of the structure-performance relationship, as well as
the charge transfer mechanism of metal-semiconductor hybrid
nanocatalysts, which contribute to the development of efficient
nanocatalysts.

4.3. Semiconductor-semiconductor heterostructures

Although metal-semiconductor heterojunctions offer advan-
tages such as conductivity and stability, the mismatched band
alignment between the metal and the semiconductor often
imposes a barrier to charge injection and results in consider-
able surface recombination efficiency, significantly limiting
their applications in photocatalysis. In contrast, semi-
conductor-semiconductor heterojunctions enable more effec-
tive control of the band structure and electron transport
properties, facilitating enhanced charge separation and carrier
transport efficiency, thereby demonstrating greater potential for
a wide range of applications.”>**® Nevertheless, the inherent
complexity of these heterojunctions, including challenges
associated with interface defects and charge recombination
dynamics, demands the employment of advanced character-
ization techniques for comprehensive investigation. To this
end, Wu and co-workers investigated the charge separation
mechanisms of type II and Z-scheme CdS/g-C;N, (g-C3N,
represents graphitic carbon nitride) nanocomposites toward H,
production via photodeposition and super-resolution fluores-
cence microscopy.'” To explore the charge separation in CdS/g-
C;3;N, composites, the authors mapped the distributions of the
deposited co-catalysts via e -induced photoreduction and h'-
induced photooxidation reactions. As shown in Fig. 13a, Pt
nanoparticles stemming from Pt** photoreduction were mainly
formed on the CdS surface, suggesting the dominance of elec-
trons. In comparison, PbO, clusters generated by the photoox-
idation of Pb*>" ions with NalOj; as the electron scavenger were
preferentially deposited on the g-C3N, nanosheets, especially at
the edge positions (Fig. 13b). The selective deposition of PbO,
suggests holes were concentrated more at the g-C;N, edges than
on the basal planes, leading to a higher reactivity at the edges.
These observations confirm the spatial separation of photoin-
duced electrons and holes in the heterojunctions, with elec-
trons migrating to the conduction band of CdS for
photoreduction (Pt or H, generation) and holes to the valence
band of g-C;N, for photooxidation (oxidation of Pb*").
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Moreover, to investigate the charge distribution and photo-
catalytic heterogeneity at single-turnover resolution, SMFM
imaging was utilized for the precise visualization of photore-
actions. The photoreduction of non-fluorescent Rz to fluores-
cent Rf localized electrons, whereas photogenerated h' was
detected via AR photooxidation to Rf by - OH generated from h'-
mediated water oxidation reaction. Fig. 13c and d reveals the
fluorescent bursts from photoreduction products Rf, which
were predominantly distributed at the CdS nanorods, indi-
cating the diffusion and preferred sites of photoinduced elec-
trons. Specifically, more electrons were found at the ends rather
than at the centers of the CdS nanorod, in agreement with the
photodeposition results (Fig. 13d). In sharp contrast, the fluo-
rescent events of photooxidation events mainly occurred at the
g-C;3N, edges, suggesting the accumulation of h' in these areas
owing to the higher local curvature of edges relative to the basal
planes (Fig. 13e and f). This study not only offers profound
insights into the structure-property relationships of semi-
conductor-semiconductor heterojunctions but also advances
the design of outstanding heterogeneous catalysts via
morphology regulation, interface engineering, band modula-
tion, and control of charge and energy flow.

Recently, one-dimensional (1D) multiphase catalysts, such
as nanotubes, nanowires, and nanorods, have garnered signif-
icant attention in the field of nanotechnology due to their
unique structural characteristics and photophysical properties
at the nanoscale.'®'® Carbon nanotubes (CNTs), in particular,
have received considerable attention in the field of photo-
catalysis owing to their exceptional electronic, physicochemical,
and mechanical attributes.”*®*** When combined with semi-
conductors to create heterojunctions, CNTs can facilitate elec-
tron transfer from the semiconductor to the CNTs, serving as
reservoirs to enhance charge carrier conductivity and mitigate
charge recombination. Building upon this, Wu and co-workers
fabricated 1D-1D CNT/CdS nanocomposites via electrostatic
self-assembly and probed the site-specific catalytic activity and
kinetics of this heterojunction structure via in situ SMFM
(Fig. 13g).>*> Upon laser excitation at 488 nm, photoinduced e~
generated by CdS facilitated the reduction of Rz to Rf on both
CdS and CNT surfaces. Subsequently, Rf molecules were excited
by a 532 nm laser for single-molecule fluorescence imaging, by
which the kinetic steps including Rz adsorption and conversion
as well as Rf dissociation were successfully quantified at various
structural features of CNT/CdS (Fig. 13h). As depicted in
Fig. 13i, the lower section of the sample exhibits a straight and
darker morphology, corresponding to CdS nanorods, whereas
the upper bending part with lower contrast indicates the pres-
ence of CNTs, with the heterojunction formed in the middle.
The corresponding reactivity map of fluorescent products Rf
molecules is shown in Fig. 13j, illustrating the heterogeneous
distribution of catalytically active sites on the 1D hetero-
structure. Specifically, the two ends P1 and P3 of CdS show
higher activity than the CdS side surface and CNTs. Moreover,
the end P1, which is in contact with a CNT, suggests superior
activity to the pristine end P3, which was attributed to the
promoted charge separation induced by CNTs and thus boosted
the catalytic performance. Further study on reactant adsorption
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Fig. 13 (a and b) High-angle annular dark-field scanning transmission electron microscopy images of CdS/g-C3sN,4 with (a) 1 wt% Ptand (b) 3 wt%

PbO, loaded. (c—-f) Bright-field images (c and d) and single-molecule events density maps (e and f) of CdS/g-C3zN4. Bin size is 10 nm x 10 nm for
panel d and 25 nm x 25 nm for panel f. Scale bar = 1 um. (Panels a—f) are reproduced with permission from ref. 197. Copyright 2022, The Royal
Society of Chemistry. (g) Schematic of single-molecule fluorescence imaging of Rz photoreduction on the catalyst in a microflow cell. (h)
Schematic of the kinetic process including Rz adsorption, conversion, and Rf dissociation. C, S, and P represent the composite, substrate, and
product, respectively. (i) Bright-field image of the composite with the heterojunction and four labeled positions (P1, P2, P3, and P4). (j) Density
maps of fluorescent Rf molecules on the heterostructure in (i) under 150 nM of Rz. Bin size: 25 nm x 25 nm. (Panels g—j) are reproduced with
permission from ref. 202. Copyright 2023, Wiley-VCH GmbH. (k) Distribution of (o) "t among the 31 different sites in TiO,-tipped CNT without
MV2* (red circle solid) and with MV2* (blue box solid); the decreasing percentage of (o) ~* values after the addition of MV2* (purple solid star). (1)
Fluorescence images obtained from the integration of all the frames over 60 s reaction without MV2* (left) and with MV2* (right) for TiO,-tipped
CNT. (m) Bright-field (left) and fluorescence (right) images of a representative TiO,(S)-CNT. The scale bars in panels land m are 2 um. (Panels k—

m) are reproduced with permission from ref. 203. Copyright 2021, American Chemical Society.

reveals that the CdS-CNT heterojunction area could bind Rz
molecules more strongly compared with other regions, thereby
contributing to the activity enhancement. Moreover, the disso-
ciation behavior of product Rf on CdS and CNTs was found
distinctive, with direct dissociation prevailing on CdS, whereas
both direct dissociation and reactant-assisted indirect dissoci-
ation occurred on CNTs. These findings provide a deeper
understanding of activity heterogeneity and site specificity in
1D heterostructures, thereby facilitating the optimization of 1D
photocatalysts.

In addition, An and co-workers investigated real-time
photoinduced electron transfer dynamics in TiO,-tipped CNTs
using redox-responsive AR fluorescent probes.?* They identified
31 distinct sites continuously from left to right along the TiO,-
tipped CNTs under 365 nm laser irradiation, in which charge
carriers are generated in TiO, nanoparticles. As illustrated in

This journal is © The Royal Society of Chemistry 2024

Fig. 13k, they found that (t.g) ', which reflects the product
generation frequency and thus the catalytic activity, shows
a decrease from the two tips of the TiO, nanoparticles towards
the center. In particular, a sharp decrease in (toy) ' from 7.81
s~' at site 31 to 2.15 s~ ' at site 12 was observed. This trend
suggests that the photogenerated electrons originally generated
at the TiO, tips were transferred to CNTs for the reduction of O,
to generate O, , which further oxidizes AR to generate fluo-
rescent products. Moreover, when an electron acceptor methyl
viologen (MV>") was introduced, (toz) ' was found to show
a decrease in values at the 31 sites, indicating that MV>*
consumes photogenerated electrons competitively and thus
suppresses the O,"~ formation. Meanwhile, fluorescence
imaging over a 60 s reaction revealed a significant decrease in
the fluorescence intensity of TiO,-tipped CNTs after MV>*
addition (Fig. 13I), confirming the role of MV>*" in
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photogenerated electron capture. To further determine the
transfer distance of photoelectrons from TiO, to CNT, an indi-
vidual photocatalyst TiO,(s)-CNT, consisting of a CNT with
a single TiO, nanoparticle cluster at one tip, was investigated.
Remarkably, the TiO,(s)-CNT exhibited electron transfer
distances surprisingly up to 16.82 um (Fig. 13m).
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biohybrids, combining the versatility and outstanding selec-
tivity of microbes in conducting complex chemical trans-
formations with the high light-harvesting capabilities of
inorganic semiconductors, have been recognized as a prom-
ising solar-to-chemical conversion system to address this
challenge.”®? The key to maximize the efficiency of such

biohybrid systems lies in optimizing the nanobio interface and
extra-/intracellular electron transfer. However, the investigation
of the underlying mechanisms through bulk measurements is
rendered challenging owing to the pervasive heterogeneities in
gene expression among microbial cells and in photocatalytic
activity  across  semiconductor  particles.****  Such

5. Bio-inorganic hybrid system

Harnessing solar energy to drive the synthesis of high-value
chemicals from naturally abundant small molecules, such as
CO,, remains a grand challenge. Microbial-semiconductor

a  Decoupled

Hz
09 Products ;
““0—

Semiconductor Cell
Integrated o2 (iii) {010}
Producgs_____ ' '
[M] [M] ¢
Semlconductor {010}

9 __ ,22 ,&, ,’ﬂ, k H,-mediated Non-H,-mediated
NE -100 s N ) A
& -200 Photocathode(H Photoanode
< - @ H
£ 300 === == e

£-400F | = | & |
ni i i e
w/cell
i J (i) (ii)
p=-0.49 + 0.09 p=-0.58+0.09
@ wi/o cell e
2 100
w
S 50
o ° " -
z e 4 . Co, (V)Je
6 3 0 0 3

«---- NADH NAD*

4
[MBH™] (uM) [SH™] (uM)

Diy, (NA)

Fig. 14 (a) Decoupled and integrated biohybrids for energy conversion. [H]: H*/H, as the redox mediator, where H, can be generated by
electrocatalysts or photocatalysts; [M]: other redox mediators. (b) Single-cell and sub-particle photocurrent imaging using focused laser illu-
mination to probe single-spot photoelectrochemical currents on single cells in contact with a semiconductor film (i) or with single semi-

conductor particles (i and iii). ipn, photocurrent. (c and d) Wide-field fluorescence images of adapted MBHP/axs™ (c) and SHHOXy (d) cells. Insets:

false-coloured confocal fluorescence images. The scale bars are 1 um. (e) Cellular concentrations of MBHEATS! and SHIY,y in non-adapted
(columns 1 and 3) and adapted (columns 2 and 4) cells. Two-sided t-test, ****p < 0.0001. (f) Cellular PhaP1™ concentrations in different adapted
strains. Column 1: PhaP1™; column 2: PhaP1™, AMBH (AHoxG); column 3: PhaP1™, ASH (AHoxY); column 4: MBHHaxS?, PhaP1™; column 5:
SHEAMEL PhaP1™Y; column 6: MBHTS, ¢, SHEAMEL PhaP1™Y. NS, not significant. Two-sided t-test, ****p < 0.0001. In (e) and (f), the white circles
denote the median; horizontal black lines, the mean; vertical black lines, 25% to 75% quantile. (g) Photoelectrochemical current densities at 0.2 V
vs. Ag/AgCl electrode of a bulk Cu, WS, thin-film electrode with and without deposited multilayer adapted R. eutropha cells in a minimal medium
under different gas environments. (h) Transmission image of adapted R. eutropha cells encoding MBHY, o on a Cu,WS, film. Single-spot
photocurrents were measured with a focused 405 nm laser illuminating at on-cell (red crosses) and nearby off-cell (green crosses) locations. (i)
Histograms of single-cell Ai,p, (blue) obtained on Cu,WS, and a control Cu;WS,4 sample that contains no cells (black) at 0-0.3 V. (j) Correlations
of single-cell Ai,, obtained on a Cu, WS4 photocathode at 0-0.3 V with local MBH (b) or SH (c) concentration at the laser focus of the same cell.
Blue dots, individual adapted cells. Open squares, binned and averaged results. The yellow shaded areas indicate cells with lower hydrogenase
levels. (k) Schematic of dominant electron-transport pathways for bioplastic formation in biohybrid systems. All the panels are reproduced with
permission from ref. 209. Copyright 2023, Nature Publishing Group.
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heterogeneities necessitate the implementation of quantitative
measurements at both the single-cell/particle and sub-cellular/
particle levels.

Recently, Fu and co-workers developed a new imaging plat-
form combining multichannel optical imaging with the elec-
trochemical mapping of light-induced currents to probe energy
conversion pathways and the players in such biohybrids for
electron transfer down to single- to sub-cell/particle levels
(Fig. 14a and b).** The study concentrated on the lithoauto-
trophic Gram-negative bacterium Ralstonia eutropha (R. eutro-
pha), previously employed in decoupled biohybrid systems
utilizing H, generated from electrolyzed water as the exclusive
energy source for CO, fixation into the biopolymer poly-
hydroxybutyrate (PHB).>***"* In integrated biohybrids, the
microbes are directly interfaced with semiconductor photo-
electrodes or photocatalysts and take up photogenerated elec-
trons to drive the downstream reactions (Fig. 14a, bottom). The
authors first probed the role of two types of hydrogenases, i.e.,
membrane-bound hydrogenase (MBH) and cytosolic soluble
hydrogenase (SH), used by R. eutropha in bioplastic production.
By tagging the respective subunit of MBH and SH for fluores-
cence imaging, they found that MBH is membrane localized, as
expected, whereas SH surprisingly exhibits localization not only
in the cytoplasm but also in the cell envelope, which was
ascribed to the interaction of SH with proteins bound to the
inner membrane or the membrane itself, or to its partial
secretion into the periplasm (Fig. 14c and d). Moreover, upon
adaptation, the cellular concentrations of both MBH and SH are
elevated by over 20-fold, substantiating their critical roles in H,
metabolism (Fig. 14e).>"> Specifically, the elimination of MBH
does not alter the PhaP1™" level, whereas the deletion of SH
results in approximately a 100-fold decrease in the PhaP1™¥
level (Fig. 14f, columns 2 vs. 1; 3 vs. 1, respectively). Thus, SH
plays an indispensable role in the oxidation of H, to generate
reducing equivalents for PHB production from CO, fixation
(Fig. 14Kk, steps (i) and (v)), whereas MBH, though not essential,
is shown to facilitate this process. These findings indicate that
MBH and SH serve distinct functions in relation to PHB
synthesis when metabolizing H,.

The authors then examined the capability of R. eutropha to
accept electrons from photoelectrodes by directly interfacing
with Cu,WS, to construct integrated biohybrids (Fig. 14a,
bottom panel), a photovoltaic cathode material characterized by
visible-light absorption and a conduction band edge conducive
to the reduction of protons, MBH, SH, and other common
cellular redox proteins. Strikingly, compared with bare Cu,WS,,
a Cu,WS, photocathode integrated with adapted R. eutropha
cells shows greatly enhanced steady-state photocathodic
current in either N,, air, or CO, environment during bulk
measurements (Fig. 14g). The independence of gas condition
suggests that the measured current reflects electron transfer at
the cell-semiconductor interface rather than downstream
electron movements involved in CO, fixation. To further
quantify a single cell's electron-uptake capability, a key perfor-
mance indicator for microbe-semiconductor biohybrids, Fu
et al. integrated photoelectrochemical mapping into a multi-
modal imaging platform to clarify this puzzle (Fig. 14b, Mode
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III-i). By sparsely dispersing adapted R. eutropha cells on
a Cu,WS, film annealed on a transparent conductive indium tin
oxide (ITO) substrate, individual cells were easily identifiable
with wide-field transmission and/or fluorescence imaging
(Fig. 14h). The single cell's current was measured by illumi-
nating the semiconductor locally via chopping off the 405 nm
laser at various applied potentials. Based on the statistic results
of many cells, the majority of cells (~77%) exhibited an increase
in photocathodic current (Ai,, < 0; Fig. 14i), consistent with
bulk measurements (Fig. 14g). The nanoampere photocurrent
enhancement based on single-cell measurements suggests the
underestimation of the turnover rates of hydrogenases or the
domination of other non-H,-mediated pathways in the photo-
cathodic current formation. Further experiments based on
BivO, with a conduction-band energy level (Ecg) below the
proton reduction potential show that upon being surrounded by
adapted R. eutropha cells, clear photocathodic currents were
detected, confirming the existence of non-H,-mediated
electron-transport pathways that probably dominates the
nanoampere-level single-cell photocathodic current on Cu,WS,.
Hydrogenases, beyond metabolizing H,, may also participate in
electron transfer involving other redox mediators.”* Thus,
following the discovery of non-H,-mediated electron transfer
pathways between R. eutropha and semiconductors, researchers
delved into the role of hydrogenases in these pathways. By
examining single-cell-level correlations between a cell's
hydrogenase level and Aiyy, it was found that the magnitude of
Aipy increases with the local cellular MBH and SH concentra-
tions (Fig. 14j), suggesting the stronger electron-uptake capa-
bility in cells at higher hydrogenase levels. However, neither
MBH nor SH is in direct contact with the photoelectrode to
accept photogenerated electrons, and the authors hypothesized
that redox mediators at the R. eutropha surface should be
involved in shuttling electrons from the photoelectrodes to the
hydrogenase (Fig. 14k). The hypothesis was further confirmed
by the integrated biohybrid of R. eutropha and CdS, in which
photoanodic current enhancement was also observed. Inter-
estingly, the cell-induced photoanodic current was found to
persist for both AMBH and ASH strains, indicating that both
types of hydrogenases are not important for electron outflow
(Fig. 14k, step iv). Taken together, at the microbe-semi-
conductor interface, non-H,-based redox mediators on the cell
surface are crucial for both electron outflow and uptake
(Fig. 14Kk, steps ii-a and ii-b), whereas MBH and SH are pivotal
solely for electron uptake (Fig. 14k, step iii). Overall, this
advanced imaging platform, coupled with its analytical frame-
work, can elucidate electron-transport mechanisms across an
array of biohybrids and promote the engineering of optimal
biohybrid systems for various reactions such as CO, conversion,
N, fixation, and pollutant degradation.

6. Imaging non-fluorescent entities

As mentioned above, SMFM imaging has revolutionized our
understanding of heterogeneous catalysis.****'*?*> Nevertheless,
it can only interrogate systems or processes involving fluores-
cent substances, whereas a variety of chemical reactions do not
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Fig. 15 Application of COMPEITS technique. (@) The COMPEITS setup based on wide-field fluorescence microscopy in a photoelectrocatalytic
microfluidic cell via two-laser epifluorescence illumination. CE, counter electrode; RE, reference electrode. (b) 2D histograms of the number of
fluorescent events n, over 22.5 min without HQ (i) and with 250 uM HQ (i), and the image derived from An, between (i) and (ii) (iii). COMPEITS
image derived from A(n, ) between (i) and (ii) (iv). The white/null pixels represent the occasional negative values (for (iii) and (iv)) or infinities due to
1/0 (for (iv)). (c) 2D dependences of Kq on L and £ for the basal {010}. Each circle represents one particle of a total of 42. The upper left and lower
right panels show the corresponding 1D projections of Ko data onto the L and £ axes, respectively. (Panels a—c) are reproduced with permission
from ref. 216. Copyright 2019, Nature Publishing Group. (d) COMPEITS image for CTAB adsorption on Au nanorod (top) and its corresponding
SEM image (middle). White/null pixels: occasional negative values or infinities from 1/0. The green dashed and magenta lines suggest the
dissection of the nanorod. 1D projection of the adCOMPEITS image for the entire nanorod (bottom). (e) Facet and subfacet differences in
adsorption affinity K and cooperativity h of CTAB. (f) Fractions of Au {110} and Au {111} facets vs. [CTAB]. (Panels d—f) are reproduced with
permission from ref. 221 Copyright 2021, Nature Publishing Group. (g) Side view of the optimized structure of a C4¢ ligand—alkane pair adsorbed
on Au {110} at 1/16 ML coverage (left), and the side (lower right) and top (upper right) views of lowest-energy binding structures of Cg XTAB
molecule on Au {110} in the lying-down configurations at the low-coverage limit. (h) Binding energies (BE) and differential binding energies (dBE)
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involve fluorescent species. Developing novel SMFM imaging
techniques for investigating nonfluorescent entities has been
a long-lasting challenge in this field. To address this issue, Mao
et al. developed a new imaging technique based on competitive
adsorption, namely, a competition-enabled imaging technique
with super-resolution (COMPEITS; Fig. 15a), which allows the
quantitative super-resolution imaging of non-fluorescent
processes.**® Fig. 15a and b illustrate the concept demonstra-
tion of COMPEITS in the context of photocatalytic water
decontamination using BiVO, as the photocatalyst. In the
COMPEITS experiments, the fluorogenic AR oxidation by holes
generated in BiVO, under 405 nm laser illumination is
employed as the auxiliary reaction, in which the fluorescent
products Rf molecules, with fluorescence excited by the 532 nm
laser, are individually imaged and localized at nanometer
resolution. Fig. 15b(i) illustrates the 2D histogram of the
detected fluorescent Rf molecules on a representative BiVO,
photocatalyst, showing clear activity heterogeneity on BiVO,.
After introducing the competitive hydroquinone (HQ) oxida-
tion, the number of detected AR oxidation products (n,)
decreases, which indicates the suppression of AR oxidation
reaction (Fig. 15b(ii)), suggesting the appearance of competi-
tion. By quantifying the extent of suppression, the nonfluores-
cent HQ molecules can be imaged at the same nanometer
resolution as the fluorescent reaction, yielding super-resolution
spatial information of HQ oxidation (Fig. 15b(iii)). To derive the
adsorption affinity of nonfluorescent HQ molecules Kyq, Kar is
derived first by titrating the fluorogenic reaction rate v,r as
a function of [AR]. Subsequently, by introducing HQ with varied
concentrations and building on the competitive Langmuir-
Hinshelwood adsorption mode, Kyq can be derived based on
the following equation:

_ kAR KAR [AR}
1 + Kar[AR] + Kno[HQ]

VAR (1)
Here, kar is the (specific) rate constant and v,y is the (specific)
rate of the AR oxidation reaction; Kag and Kyqare the adsorption
equilibrium constants for AR and HQ on the catalyst surface,
respectively. Most based on the relation
Kuq -1

o T K AR] HQ], A(n,” ") was
found to be proportional to Ky at fixed [AR] and directly
reflects the HQ-binding affinity. Building on this relationship,
the authors obtained the so-called COMPEITS images (Fig.
15b(iv)) that immediately show the HQ adsorption strength on
individual BiVO, nanoparticles. Clearly, HQ adsorbs more
strongly on the basal {010} facets than the lateral {110} facets.
Even within the lateral facets, HQ adsorption is weaker at four
corners than in the center lateral facets.

Owing to the same nanometer resolution of COMPEITS
technique in analyzing nonfluorescent molecules, the authors

excitingly,

npt—ng Tt =Anp ) cvar ™
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further quantitatively investigate the effect of facet and
morphology on HQ adsorption, which is a key parameter
defining the photocatalytic activity of photocatalysts. Statistic
results of many particles reveal that the Kyq for both basal {010}
and lateral {110} (Kuq'®'” and Kuo™'®) show a strong depen-
dence on the particle size L and the particle shape parameter £
(¢ = S/L, Fig. 15a). In particular, both Ko™ and Ko
decrease asymptotically with increasing particle size L, and
asymptotically with particle shape transition from biconical to
plate-like with increasing ¢ (Fig. 15c). Based on the facet-
dependent K, the authors further derived the particle
morphology design principles for optimal reactant chemisorp-
tion on BiVO, nanoparticles. For BiVO, particles with a size
smaller than 2.3 um, the optimal shape is plate like, whereas for
particles larger than 9 pum, a bipyramid-like shape is better.
When the particle size falls in the range of 2.3-9 um, the
optimal shape for reactant adsorption is either plate like or
bipyramid like, but not a truncated bipyramid. The particle-
size-/shape-decoupled information obtained by COMPEITS
imaging provides unprecedented insights into the rational
design of optimal photocatalysts for micropollutant degrada-
tion. Most significantly, COMPEITS could, in principle, image
a broad range of nonfluorescent processes at nanometer reso-
lution, in situ, and under operando conditions. Of course,
COMPEITS has some limitations including the requirement of
an auxiliary fluorescent reaction as a reporter, the limited
capability to monitor the dynamic process of nonfluorescent
molecules, and the long imaging duration for obtaining suffi-
cient data for analysis.

In addition to photocatalysts, COMPEITS imaging is also
applicable to studying nonfluorescent molecular adsorption on
metal nanocatalysts.*”” On metal nanoparticles, the adsorption
of molecules can stabilize their solution dispersion, control
their morphology during synthesis, enhance their surface
functionality, and/or limit their catalytic properties.?"’*** To
this end, Ye et al. leveraged the COMPEITS technique to
investigate the adsorption affinity and cooperativity of small
molecules/ions and polymer ligands on single Au nanospheres,
nanoplates, and nanorods under ambient solution condi-
tions.”” Excitingly, by quantifying the adsorption affinities of
various molecules, they revealed both positive and negative
adsorption cooperativity. To quantitatively probe the adsorp-
tion cooperativity, the authors derived the Hill coefficient £ via
the Hill adsorption model, where for positive cooperativity, & >
1, and for negative cooperativity, & < 1. Specifically, cetyl-
trimethylammonium bromide (CTAB) adsorption on Au was
found to be positively correlated (2 = 2.2 + 0.1) owing to the
attractive hydrophobic interactions between the alkyl chains of
CTA".>* In contrast, polyvinylpyrrolidone (PVP) adsorption on
Au displays a negative cooperativity (2 = 0.57 £+ 0.09) because
the direct electrostatic repulsions between positively charged

of xTAB ligand—alkane pairs on Au {111} and Au {110} as a function of the alkyl chain length. The purple and green vertical lines denote the smallest
chain length required for positive adsorption cooperativity on Au {111} and Au {110}, respectively. The subscripts 1/16 and 2/16 in the legends
represent the corresponding ML for different Au facets. (i) Competition titration of the initial rates of the fluorogenic auxiliary reaction with
increasing [CTAB]. Magenta and orange dashed lines: fits of low- and high-concentration regimes, respectively. Black line: fit results. Red line: the
weighting factor W, vs. [CTAB]. (Panels g—i) are reproduced with permission from ref. 226. Copyright 2024, American Chemical Society.

This journal is © The Royal Society of Chemistry 2024
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PVP chains at pH ~7.4 (N-alkyl pyrrolidone has a base dissoci-
ation constant p® of ~3.5) or that hydrophilic PVP chains prefer
interactions with water than with themselves.?***** Interest-
ingly, halide ions such as I" ions show no adsorption cooper-
ativity, which was attributed to the fact that small ligands are
less likely to feel each other on the surfaces.

More excitingly, the adsorption cooperativity of various
molecules also varied at different sites on the same nano-
particle. For example, by examining CTAB adsorption on penta-
twinned Au nanorods with the large {110} side (S) and two tips
(T) covered by {111} facets, they found that the adsorption
affinity of CTAB molecules, i.e., Kcrap, Was larger on the {110}
than {111} facets (k"% > k') (Fig. 15d and e). On the
contrary, the adsorption cooperativity shows an opposite trend,
with hr (2.3 £ 0.2) > hg (1.8 £ 0.2). Further dissection of side
{110} facets into inner (I), middle (M), and outer (O) regions
(Fig. 15d) suggests the presence of sub-particle adsorption
heterogeneity. Interestingly, CTAB adsorption on different
segments of Au follows the order of K; > Ky > Ko (Fig. 15e),
which was attributed to the high defect density of the inner
segment during colloidal synthesis owing to the fast reduction
kinetics in the initial stage. As the growth proceeds, the
reduction rate decays and results in lower defect density for the
middle and outer segments. Regarding the adsorption cooper-
ativity, it follows a similar trend as the adsorption affinity, i.e., iy
> hy > ho. With a larger K, the adsorption density of CTAB
molecules is higher and the inter-distance between molecules is
shorter, which should render more adsorbate—adsorbate inter-
actions within the same facet and thus overall stronger
cooperativity.

Provided the adsorption affinity and cooperativity, the
density of adsorbed ligand p on any facet at any [CTAB] can be
(K [L)"
1+ (K L)Y
maximal packing density on the facet. Given K\''* > gi''1}
whereas pmax''® < pmax Y (56% vs. 91%), the authors
proposed the existence of a crossover behavior in terms of p. At
low CTAB concentrations, p11% > p{"1%} whereas at high ligand

depicted as p = ppax where pnax is the ligand's

concentrations, p!*'% < p1'% They then designed colloidal
synthesis experiments to prove the crossover behavior as in
colloidal synthesis, surfaces with a high density of ligands are of
high possibility to be preserved in the final products. Excitingly,
as [CTAB] was increased from 0.26 to 3.12 mM, the shape of Au
products evolved from irregular to plate like. Using electro-
chemical Pb underpotential deposition, they quantified the
proportions of {110} and {111} facets in products obtained at
various [CTAB] values. Specifically, the proportion of {110} fac-
ets gradually decreased from 98% to 20% at elevated [CTAB];
meanwhile, the proportion of {111} facets increased from 5% to
90%. In particular, the two curves intersect at roughly 2 mM
CTAB (Fig. 15f), confirming the crossover behavior of CTAB
adsorption and the feasibility of achieving facet control in
colloidal Au synthesis by tuning the CTAB
concentration.

Despite the experimental observation of cooperative
adsorption of CTAB molecules on various Au surfaces, the

simply
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molecular basis for CTAB's affinity differences between the two
facets and the associated different extents of cooperativity
remains unclear. Recently, Xu et al. reported a combined
experimental and computational study of the adsorption
behaviors of alkyl-trimethylammonium bromides (xTAB) with
variable alkyl chain length x on Au nanoparticles.”*® The authors
established two different models for xTAB adsorption on Au
{111} and Au {110} surfaces at different xTAB concentrations
(Fig. 15g). One is the standing-up configuration, where a ligand-
alkane pair arranged in a head-to-tail configuration and occurs
in the high-xTAB-concentration range (Fig. 15g, left). Another is
a lying-down model, which occurs at low xXTAB concentrations
(Fig. 15g, right). Subsequently, using DFT, they calculated the
binding energies (BE) of xTAB on the Au {111} and Au {110}
surfaces in both standing-up and lying-down configurations.
Specifically, they studied both low-coverage limit (1/16 mono-
layer (ML)) and the 2/16 ML where a second molecule is intro-
duced to the surface with a molecule already adsorbed at 1/16
ML. Fig. 15h summarizes the binding energies of the
standing-up configuration. For C¢ and larger xTAB molecules on
Au {110} and the close-packed {111} facets, the dBE (defined as
the energy gained or lost) at 2/16 ML is more negative than the
BE at 1/16 ML coverage. On the more open Au {110} facet, in all
the cases, the 2/16 ML dBE is more negative than the low-
coverage-limit BE. Therefore, on both facets, the adsorption
cooperativity for sufficiently large XTAB molecules should be
positive, consistent with the previous experimental observa-
tions on CTAB.*** In addition, for Cg and larger xTAB molecules
in the low-concentration range, the ligand-alkyl pair binds
more strongly on Au {110} than on Au {111}; and the second
ligand-alkyl pair binds more strongly on Au {111} than on Au
{110} in the high-concentration range, in agreement with the
experimentally observed CTAB adsorption crossover behavior
(Fig. 15e) where the Au {110} facet is preferred at low CTAB
concentrations and the Au {111} face dominates at high CTAB
concentrations. As for the lying-down configuration, xTAB (C,)
molecules bind more strongly on Au {110} than on Au {111} at
low coverage limits. This is the same trend observed for the
xTAB molecules in the standing structures. Moreover, in all
these cases, the dBE of 2/32 ML is smaller than the BE of 1/32
ML coverage, suggesting that the interaction between the two
XTAB molecules is inherently repulsive and should lead to
negative adsorption cooperativity.

Additionally, the authors further demonstrated the precision
of the constructed model by experimentally probing the
concentration-dependent ligand adsorption based on COM-
PEITS titration experiments. Specifically, in the [CATB] range of
~107°-10"° M, the fluorogenic Rz reduction rate vy first
decreases in the range of ~107°-10"% M and then increases in
the range of ~107%-1077, followed by another decrease at
[CTAB] higher than 1077 M and eventually approaching zero
(Fig. 15i). This decay-rise-decay behavior at various [CTAB]
conditions implies that two distinctive adsorption behaviors of
CTAB molecules should be involved. To explain the behavior of
vg over the entire [CTAB] range, the authors used a modified
equation to empirically combine the adsorption behavior of two
different ligands. In the equation, the authors introduced

This journal is © The Royal Society of Chemistry 2024
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a weighting factor W;, when [L] — 0, W; — 1, representing low-
concentration adsorption; when [L] — o, W; — 0, representing
high-concentration adsorption (Fig. 15i, red line). Here exists
a critical concentration P that divides the low- and high-
concentration-regime behaviors. The equation satisfactorily
explains the competitive titration over the entire [CTAB] range
(Fig. 15i, black line), yielding K; = (4.0 £1) x 105 M~ *, h; = 0.75
+0.04, and K, = (7.2 + 0.5) x 10° M~ ', h; = 1.7 & 0.1. There-
fore, at concentrations below P = 7.3 + 0.9 nM, CTAB adsorp-
tion exhibits high affinity (K;) with negative cooperativity (A, <
1), confirming the computational prediction of a lying-down
adsorption configuration. At concentrations above P, CTAB
adsorption switches to low affinity (K,) with positive coopera-
tivity (h, > 1), which is consistent with the standing-up
adsorption configuration. This switching behavior of adsorp-
tion affinity and cooperativity is unprecedented and occurs over
a very narrow concentration width (Q = 1.7 £ 0.5 nM) for CTAB,
suggesting that on the surface of the Au nanoparticles, the
adsorbed CTAB molecules undergo a concerted change in
adsorption conformation from lying to standing. This work
demonstrates a paradigm for gaining molecular-scale insights
into adsorbate-surface interactions, which will guide
researchers in the fields of colloidal synthesis and catalysis and
beyond.

7. Conclusions and outlook

In this paper, we review recent advancements in the SMFM
imaging of catalytic processes on photocatalytic nanomaterials
at the single-molecule/single-particle level. With the nanometer
spatial resolution and millisecond temporal resolution, SMFM
has been proven to be a powerful and versatile tool for studying
surface reactions on single nanocatalysts, yielding insights into
photocatalytic reaction kinetics and dynamics, active site
distributions, identification of intermediate species, reaction
reactivity fluctuations, and charge carrier behaviors. This
information aids in comprehending catalytic reaction mecha-
nisms, establishing precise structure-activity relationships, and
guiding catalyst design. Nevertheless, SMFM is still facing
several major challenges in applying it to various catalytic
reactions. First, most studies are based on fluorogenic model
reactions and investigating non-fluorescent reaction processes
remains a grand challenge. This dilemma is due to the nature of
SMFM that relies on detecting fluorescence signals for imaging.
However, many catalytic reactions of great significance are not
fluorescent or fluorescently labeled. Owing to the development
of the new imaging technique COMPEITS,* studying non-
fluorescent systems is now feasible, which still needs further
exploration. Second, the applicable scenarios are limited. As
most fluorescent probes utilized for single-molecule detection
typically necessitate a buffer solution and ambient environ-
ment," it is difficult to study catalytic processes in strong acidic/
alkaline solutions and/or under high-temperature and high-
pressure conditions. Moreover, studying catalytic reactions
involving gaseous species is also limited. Third, the temporal
resolution needs to be improved. Although SMFM excels in
elucidating the kinetic mechanisms of catalytic reactions, its

This journal is © The Royal Society of Chemistry 2024
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capability to probe reaction intermediates and molecular
structural transformation is low. This limitation is attributed to
not only the limited chemical information provided by fluo-
rescence signals but also the insufficient time resolution, typi-
cally at the microsecond level that is much larger than the sub-
picosecond timescales for molecular structural trans-
formations.*>**” Fourth, the raw data of imaging experiments
can be contaminated by the intrinsic photoluminescence of
photocatalysts or PSF distortion by the plasmonic effect.'>'** As
the intensity of single-molecule fluorescence signals is intrin-
sically low, the photoluminescence of photocatalysts under
light excitation makes it rather difficult to precisely extract and
localize single-molecule events for catalysis study. Furthermore,
the plasmonic effects can distort the PSF, altering the spatial
information obtained from single molecules and leading to
inaccuracies in localization and analysis.”> Addressing these
two obstacles is crucial for ensuring the reliability and validity
of single-molecule fluorescence measurements. Fifth, data
processing is a critical step in rationalizing the SMFM results.™
The obtained SMFM images contain all the pertinent informa-
tion regarding the molecule's extractable parameters, including
its spatial position and occurrence timing. Typically, the
number of images obtained from an SMFM experiment can be
tens of thousands, or even hundreds of thousands for sophis-
ticated systems, making it very time-consuming to process and
analyze the results.

To address the above challenges, future endeavors are
anticipated to advance this versatile technique and unlock
additional opportunities in new fields. Our vision extends to
progress in the following areas.

(1) Improvement in spatiotemporal resolution. The spatial
resolution of SMFM per frame is determined by the signal-to-
noise ratio, which can be affected by factors such as the pixel
size of the EMCCD camera, background noise, and particularly,
the emission intensity of the fluorescent probe. Strengthening
experimental setups, including employing more sensitive
cameras and intense excitation lasers, may prove effective.
Furthermore, engineering the fluorescent probe to show
improved brightness and reinforced resistance to photo-
bleaching provides another viable strategy. In addition, there is
a pressing need to improve the temporal resolution of SMFM to
capture the reaction species and intermediates with short life-
times, which requires the advancement of high-speed cameras.

(2) Study of non-fluorescent reactions. As we discussed
above, the newly developed imaging technique COMPEITS
allows us to study non-fluorescent reactions/molecules via
competitive adsorption using single-molecule fluorescent
imaging.** With its ability to provide spatially resolved insights
into the behaviors of unlabeled, non-fluorescent entities under
operando conditions, COMPEITS can unveil optimal binding
sites, enabling the predictions of ideal size, shape, and
morphology for catalytic nanomaterials. However, COMPEITS
has some limitations, including the requirement of target
materials to possess the capability of catalyzing both fluoro-
genic probe and target reactions, the inaccessibility to the
reaction kinetics of the target reaction, the potential perturba-
tion of the auxiliary reaction on the target reaction, among
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others. Further improvement in COMPEITS and new technique
development are expected to overcome these technical
challenges.

(3) Combination with other techniques. Integrating micros-
copy and spectroscopy modalities with SMFM may provide
unprecedented insights into heterogeneous catalysts, which
combines the capabilities of microscopy in quantifying the
molecular adsorption behaviors and spectroscopy in identifying
molecular structural fingerprints. The integrated microscopy-
spectroscopy platform can provide informative messages on
adsorption kinetics and affinity, chemical composition, struc-
tural dynamics, catalytic activities, and other emergent func-
tionalities. Various imaging techniques have been explored for
integrating with SMFM, including in situ high-resolution elec-
tron microscopy,**® X-ray scattering spectroscopy,”® stimulated
Raman scattering microscopy,”® single-particle photo-
luminescence imaging,** and atomic force microscopy.>*” The
synchronous imaging enabled by multiple analytical tools can
help address the limitations of each technique while enhancing
its strengths. Most importantly, the as-obtained scientific
messages may revolutionize our understanding of
photocatalysis.

(4) Integration of deep learning with SMFM. Deep learning
has emerged as a powerful tool in various scientific fields
including medicine, astronomy, and biology, all of which rely
heavily on imaging and microscopy. In the context of SMFM,
deep learning could enable the precise extraction and super-
localization of single-molecule events, facilitate rapid data
analysis, overcome bottlenecks associated with large datasets,
and leverage mathematical models for signal simulation. In
addition, neural networks are versatile to address various
challenges in single-molecule studies without the need for
individualized development.”*® For example, Mockl and co-
workers introduced a background network (BGnet) to improve
the image quality for single-molecule localization and tracking
by accurately estimating the fluorescence background in optical
microscopy images, which was demonstrated to be effective
even for fluorescence signals with complex PSF shapes.”**
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