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Abstract

Elucidating structure-activity relationships in semiconductor photocatalysis has been
significantly impeded by the inherent limitations of ensemble-averaged characterization
techniques, which obscure the spatiotemporal heterogeneity intrinsic to catalytic surfaces.
Single-molecule fluorescence microscopy (SMFM) surmounts this bottleneck by offering
nanometer-scale spatial resolution coupled with the capacity to resolve single-turnover
events. Herein, we provide a comprehensive overview of the State-of-the-Art applications
of fluorogenic probe-coupled SMFM in deciphering the microscopic mechanisms governing
photocatalysis. We begin by delineating the operational principles of total internal reflection
fluorescence (TIRF) microscopy and categorizing the response mechanisms of three distinct
classes of fluorogenic probes: oxidative (e.g., Amplex Red, APF), reductive (e.g., Resazurin,
DN-BODIPY), and acidic (e.g., furfuryl alcohol, thiophene) reporters. Subsequently, we
highlight seminal studies wherein SMFM has been leveraged to visualize facet-dependent
charge separation on model photocatalysts—including TiO,, BiOBr, and InSe—to map the
dynamic activity associated with surface defects and to precisely locate active sites during
photoelectrochemical water splitting. Finally, we critically assess the prevailing technical
challenges, such as limitations in probe specificity and background interference, while
offering a perspective on prospective avenues for methodological refinement. This review
is intended to serve as a methodological cornerstone for advancing mechanistic understand-
ing in photocatalysis and for guiding the rational design of high-performance catalysts.

Keywords: single-molecule fluorescence imaging; fluorogenic probe; photocatalysis; reac-
tion mechanism; active site

1. Introduction

Facing the dual challenges of global fossil fuel depletion and worsening greenhouse
gas effects, harnessing solar energy to drive catalytic reactions (e.g., water splitting for
hydrogen production, carbon dioxide reduction, pollutant degradation) is considered
one of the ideal pathways toward sustainable energy and environmental systems [1-9].
Among these, semiconductor photocatalysis has attracted extensive attention due to its
potential to directly convert solar energy into chemical energy [10,11]. However, the
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practical application of photocatalytic technology remains constrained by low solar-to-
chemical energy conversion efficiency, sluggish surface reaction kinetics, and rapid catalyst
deactivation [12,13]. The root of these bottlenecks lies in our still-limited understanding of
microscopic processes at catalyst surfaces and interfaces, such as photogenerated charge
separation, migration, surface reactions, and the dynamic evolution of active sites.

Traditional photocatalysis research heavily relies on ensemble-averaged characteri-
zation techniques, including diffuse reflectance spectroscopy, electrochemical impedance
spectroscopy, and conventional photocurrent measurements [14,15]. Although these meth-
ods provide average performance parameters of catalyst populations, they fundamentally
mask the structural and functional heterogeneities that exist among individual catalyst
particles or even among different regions of the same particle. Ample evidence indicates
that the activity, selectivity, and stability of photocatalysts are closely related to microscopic
features, including size, morphology, exposed crystal facets, defect site distribution, and
local electronic structure [16-18]. The critical details of these structure—activity relationships
are completely smoothed out in ensemble measurements, preventing the precise identifica-
tion of the active hotspots that truly determine catalytic performance and hindering the
rational design of efficient photocatalysts.

To overcome this bottleneck, single-molecule fluorescence microscopy (SMFM) has
flourished in recent years and has rapidly become a cutting-edge tool for investigating
microscopic photocatalytic mechanisms [19-21]. The core advantage of SMFM lies in its
unique spatiotemporal resolution: through single-molecule localization algorithms, its
spatial resolution can break the optical diffraction limit to reach 10-50 nm; meanwhile, its
millisecond temporal resolution enables real-time capture of single catalytic events (i.e.,
single turnovers) at individual catalytic sites [22,23]. SMFM operates based on fluorogenic
probe molecules. These probes are initially non-fluorescent (or only weakly fluorescent)
but undergo a specific chemical transformation (e.g., oxidation or reduction) under the
action of photogenerated electrons or holes (or their derived reactive oxygen species) on
the photocatalyst surface, thereby turning into a highly fluorescent state [24,25]. Using
imaging modes such as total internal reflection fluorescence (TIRF) microscopy, researchers
can precisely record the location and time of appearance of each fluorescent product
molecule, thereby reconstructing super-resolution activity maps of the catalyst surface.
Moreover, through statistical analysis of single-molecule fluorescence time trajectories, key
kinetic parameters including reaction rate constants, adsorption equilibrium constants, and
intermediate lifetimes can be extracted, providing crucial evidence for elucidating catalytic
reaction mechanisms and guiding catalyst design [26-31].

Although several authoritative reviews have systematically summarized the funda-
mentals and research progress of single-molecule fluorescence imaging in heterogeneous
catalysis [26,31,32], existing work still leaves several dimensions to be further deepened.
First, the discussion of fluorescent probes has largely remained at the level of qualitative
classification based on response mechanisms; a quantitative evaluation framework cov-
ering spectral properties, on/off-state quantum yields, multi-dimensional stability, and
reaction reversibility has not yet been established, making it difficult to rationally screen
and optimize probes according to the requirements of a specific photocatalytic system.
Second, most representative reviews were published before 2020 and have not sufficiently
integrated the breakthrough advances in frontier areas such as two-dimensional layered
semiconductors, plasmonic heterojunctions, and photoelectrochemical water splitting over
the past five years (2021-2025). Third, the analysis of technical limitations has mostly
focused on experimental operational aspects. At the same time, insufficient attention has
been paid to fundamental constraints that restrict the universality of the technique—such as
probe photosensitization effects and compatibility with extreme reaction conditions—and
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to emerging interdisciplinary directions, including deep-learning-assisted single-molecule
localization and high-throughput data analytics, which are rarely discussed.

To address the above issues, this review aims to advance the current understanding
from the following three perspectives. First, it establishes a multi-dimensional perfor-
mance evaluation framework for probes specifically used in single-molecule fluorescence
imaging of photocatalysis, clarifying the scientific connotations and quantitative criteria
of key parameters, and systematically analyzing the applicable scenarios and inherent
limitations of different probes through representative case studies. Second, it comprehen-
sively integrates the core research achievements in this field from 2010 to 2025, with an
emphasis on extracting key scientific findings from three major directions: visualization
of crystal-face-dependent charge separation, dynamic activity imaging of defect sites, and
precise localization of active sites in photoelectrochemical water splitting, thereby reveal-
ing the microscopic origin of structural and functional heterogeneity on catalyst surfaces.
Third, it provides an in-depth analysis of the main technical bottlenecks currently faced
and, in light of cutting-edge advances such as multimodal combination techniques, the
development of novel specific probes, and artificial-intelligence-assisted data analysis,
proposes forward-looking future development pathways, aiming to offer a methodological
reference for a deeper understanding of photocatalytic mechanisms and the rational design
of high-performance photocatalysts.

2. Single-Molecule Fluorescence Imaging and Fluorogenic Probes
2.1. Imaging Principle

Single-molecule fluorescence microscopy enables the detection and localization of
individual fluorescent molecules in complex photocatalytic systems; its core lies in effi-
ciently suppressing background noise and fully exploiting the photon emission properties
of single molecules. Currently, the most commonly used imaging mode in photocatalysis
research is total internal reflection fluorescence (TIRF) microscopy [32-35]. The physical
basis of TIRF imaging is the evanescent wave generated when total internal reflection
occurs at the interface between two media with different refractive indices (Figure 1A). As
shown in Figure 1B, when a laser beam strikes the interface from a higher-refractive-index
medium (e.g., glass coverslip, n ~ 1.52) into a lower-refractive-index medium (e.g., aqueous
solution, n ~ 1.33) at an angle greater than the critical angle, the light is totally reflected
back into the glass, but an electromagnetic field that decays exponentially with distance
from the interface, the evanescent wave, exists at the interface. The penetration depth of this
evanescent wave is typically only 100-200 nm. Hence, it excites only fluorescent molecules
located immediately adjacent to the coverslip surface, while molecules in the bulk solution
remain unexcited [36,37]. This characteristic gives TIRF imaging extremely low background
fluorescence and a signal-to-noise ratio significantly superior to conventional wide-field
(epifluorescence) imaging, thereby allowing reliable detection of emission signals from
single fluorescent molecules.
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Figure 1. The evanescent wave. (A) The incident angle can be described using a coordinate system
arranged to display all three orthogonal directions. The x-y plane represents the interface between
the glass coverslip and the photocatalytic material. The plane of incidence is the x-z plane, which is
parallel to the excitation light beam. (B) The evanescent field intensity decays exponentially with
increasing distance from the interface. The penetration depth, which is usually between 50 and
300 nm, decreases as the reflection angle grows larger and is dependent on the refractive indices at
the interface and the illumination wavelength. Figures (A,B) are reproduced with permission from
ref [38]. Copyright 2022, Wiley Periodicals LLC.

In a typical SMFM experiment, the photocatalyst particles to be studied are sparsely
dispersed on a quartz or glass coverslip, above which a microfluidic channel is sealed
to a continuous-flow reaction solution containing the fluorogenic probe. An excitation
laser (wavelength depends on the probe’s excitation peak) is directed through the TIRF
objective to generate an evanescent wave at the interface. When a catalytic reaction on the
photocatalyst surface converts non-fluorescent (or weakly fluorescent) probe molecules
into highly fluorescent products, those product molecules are excited by the evanescent
wave and emit fluorescence. The fluorescence signal is collected by the same objective,
passes through a dichroic mirror and emission filter, and is recorded by a highly sensitive
electron-multiplying charge-coupled device (EMCCD) or scientific complementary metal-
oxide-semiconductor (sCMOS) camera [39,40]. The camera exposure time is typically set in
the range of 10-100 ms to balance temporal resolution and signal accumulation.

2.2. Classification and Response Mechanisms of Fluorogenic Probes

A key element of SMFM technology is the selection of appropriate fluorogenic
probes [41,42]. Depending on the target of detection (photogenerated holes, photogenerated
electrons, or reactive oxygen species), researchers have developed a variety of fluorescent
probes. Table 1 summarizes the most commonly used probes in current research, and
Figure 2 illustrates their molecular structures and schematic response mechanisms.

Table 1. Representative fluorogenic probes for single-molecule fluorescence microscopy (SMFM).

Parameter

Resazurin (Rz) Amplex Red (AR)

3'-(p-aminophenyl)- Furfuryl
fluorescein (APF) DN-BODIPY Alcohol (FA)

Initial state

Non-fluorescent

(blue-violet)

Weakly fluorescent Non-fluorescent Non-fluorescent Non-fluorescent

Fluorescent
product

Resorufin (Rf) Resorufin (Rf) Fluorescein HN-BODIPY

Fluorescent
oligomers

Excitation/Emis-
sion (nm)

560/585

560/585 490/515 ~500/~520 ~450-550
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Table 1. Cont.
. 3’-(p-aminophenyl)- Furfuryl
Parameter Resazurin (Rz) Amplex Red (AR) fluorescein (APF) DN-BODIPY Alcohol (FA)
' Photogenera;lted Photogeilerated oOH ghlghly Photogenerated Bronsted or

Target species electrons (e™) or holes (h*), selective, no electrons (e-) Lewis acid sites

reducing species eOH, H,O, response to HyO;)

Imagmg reduction Imaglng oxidation . . ?magmg. Mapping acid
Tvvical reactions (e.g., Hp reactions (e.g., Highly selective interfacial site distrbution
ayplication reduction, reductive  water oxidation, imaging of hydroxyl electron transfer on solid

PP half-reaction in pollutant radical generation on TiO, and other acid catalvsts

CO oxidation) degradation) semiconductors Y

Ref. [43] [44] [45] [46] [47]

Oxidation-sensitive probes (e.g., Amplex Red (AR), 3’-(p-aminophenyl)-fluorescein
(APF)) are typically used to track photogenerated holes or the reactive oxygen species
derived from them. AR itself is weakly fluorescent and can be oxidized to strongly fluo-
rescent resorufin (Rf) by horseradish peroxidase or by photogenerated holes/eOH. APF
exhibits higher selectivity for ¢OH and is not directly activated by H,O,, thus offering
advantages when studying eOH generation pathways during water oxidation. Sambur
et al. [48] used single-molecule/single-particle fluorescence imaging with Amplex Red as a
model substrate to measure the photoelectrocatalytic oxidation rate on individual rutile
TiO; nanorods. By systematically analyzing the scaling relationships of reaction rate with
light intensity and electrode potential and comparing them with the scaling behavior of
photocurrent, this study demonstrated for the first time at the single-particle level that the
oxidation of Amplex Red on TiO, photoanodes does not occur directly via photogenerated
holes but follows an indirect oxidation mechanism mediated by surface-generated hydroxyl
radicals (éOH). This work provided direct single-molecule experimental evidence for dis-
tinguishing between direct and indirect photocatalytic oxidation pathways and highlighted
the unique value of oxidation-sensitive probes in mechanistic discrimination. Zuo et al. [49]
used the fluorescent oxidation reaction of Amplex Red as a probe to quantitatively evaluate
defect sites on the surface of TiO, nanoparticles. They found that the content of Ti3* defect
sites was positively correlated with the oxidation activity of Amplex Red, and that addi-
tional Ti®* sites could be introduced into commercial TiO, by reduction with NaBH4. More
importantly, using single-molecule fluorescence imaging, the team successfully mapped the
spatial distribution of defect sites within TiO, nanowires, revealing significant intra-particle
and inter-particle heterogeneity. This work demonstrated that Amplex Red can serve as
an effective fluorogenic probe for probing the density of defect sites on semiconductor
surfaces. Shen et al. [50] employed the highly selective hydroxyl radical probe APF to image
in situ the spatial distribution of €OH generation during photocatalytic water oxidation
on individual W1gO49 nanowires. By colocalizing the spatial distribution of active regions
with surface chemical information, this work revealed that ascorbic acid is oxidized during
photocatalysis, thereby creating new oxygen vacancies along the nanowire surface. This
finding breaks the conventional notion that ligands merely passivate or block active sites;
instead, they can dynamically create new active sites through surface redox chemistry.
Figure 2 presents single-molecule imaging of photocatalytic reduction and oxidation reac-
tions on bismuth oxybromide (BiOBr) nanoplates using fluorogenic probes. Photogenerated
electrons in the conduction band of BiOBr reduce resazurin to the highly fluorescent prod-
uct resorufin (Figure 2B); meanwhile, photogenerated holes in the valence band oxidize
3'-(p-aminophenyl)-fluorescein (APF) to produce fluorescein (Figure 2E). Subsequently,
total internal reflection fluorescence (TIRF) microscopy is employed to image the activation
of individual probe molecules on the surface of BiOBr nanoplates (Figure 2C,F). By binning
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the single-molecule fluorescence bursts from the surface of a single nanoplate into a grid of
120 nm x 120 nm bins, the activity maps for photocatalytic reduction and oxidation are
reconstructed, as shown in Figure 2D and 2G, respectively. Shen et al. [51] simultaneously
used Amplex Red (oxidation probe) and Resazurin (reduction probe) on individual BiOBr
nanoplates to quantitatively investigate the nanoscale spatial correlation between photocat-
alytic oxidation and reduction reactions via coordinate-based colocalization analysis. By
analyzing the emitted photon counts of the fluorescent probes, this work proposed that
defect-rich regions often serve as colocalization centers for both electrons and holes, and
that defects promote selective carrier extraction by trapping one type of charge carrier. The
above studies systematically illustrate the multi-level applications of oxidation-sensitive
fluorescent probes in photocatalytic SMFM: from discriminating reaction mechanisms and
localizing defect sites to revealing ligand-mediated dynamic regulation and analyzing the
spatial correlation between oxidation and reduction reactions.

Reduction-sensitive probes (e.g., Resazurin (Rz), DN-BODIPY) are used to track pho-
togenerated electrons. Rz is reduced to Rf in an irreversible reaction with high quantum
yield, making it the most widely used reduction probe. DN-BODIPY and its water-soluble
sulfonated derivatives are more suitable for studying interfacial electron injection pro-
cesses in semiconductor—metal composite systems. Zhou et al. [52] used the reduction of
Resazurin as a model reaction and systematically investigated the catalytic behavior of
Au nanoparticles of three sizes (6.0, 9.1, and 13.7 nm) using single-molecule fluorescence
microscopy. They found that smaller Au nanoparticles exhibited higher catalytic activity
and also showed faster catalytic-induced surface reconstruction rates. In addition, smaller
Au nanoparticles displayed higher selectivity between two parallel product dissociation
pathways. Figure 2A illustrates the mechanism of hydroxylamine-mediated reduction of
resazurin to resorufin catalyzed by Au nanoparticles in aqueous solution. Cao et al. [53]
deposited Au nanoparticles on the outer (Au/CNTs-out) and inner (Au/CNTs-in) surfaces
of carbon nanotubes and used the Resazurin reduction reaction to investigate the influence
of the CNT support on gold catalysis at the single-molecule level. The results showed that
Au/CNTs-out had higher intrinsic catalytic activity for product formation; for product
dissociation, both supports favored a substrate-assisted dissociation pathway, with faster
dissociation on Au/CNTs-out. Li et al. [54] used single-molecule fluorescence microscopy
to observe in situ the Resazurin reduction reaction on Ag nanowire-Pd nanoparticle het-
erostructures. They found that the catalytic activity of Pd nanoparticles was enhanced by
approximately 20-fold due to excitation of the localized surface plasmon resonance (LSPR)
of the Ag nanowires, with a further enhancement of about 10-fold near roughened Ag
nanowires or nanogaps. Ezendam et al. [55] used super-resolution fluorescence microscopy
with Resazurin reduction on Au nanorods coated with a porous SiO; shell as a model
to systematically distinguish multiple plasmonic catalysis mechanisms (electromagnetic
field enhancement, thermal effects, hot carrier generation) and their spatial distributions.
The study demonstrated that Resazurin reduction can occur through multiple reaction
pathways, with different mechanisms exhibiting distinct spatial enhancement patterns
that can be distinguished by mapping the spatial distribution of reactivity. Bueno Alejo
et al. [56] confirmed from a thermal activation perspective that plasmon excitation of Au
nanoparticles can significantly accelerate Resazurin reduction within nanosecond pulses
and proposed a cost-effective LED-based strategy for plasmon-assisted catalysis. Fur-
thermore, Zuo et al. [57] encapsulated Au nanorods in a TiO, shell (AuNR@TiO;) and
found that the TiO, shell effectively separates plasmon-generated hot electron/hole pairs,
enhancing Resazurin reduction activity by about 10-fold under 530 nm light excitation.
Single-molecule kinetic analysis indicated that the TiO, shell not only prolongs charge
relaxation times but also introduces additional reaction sites. Wu et al. [58] employed
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in situ single-molecule fluorescence microscopy to study carbon nanotube/CdS nanorod
one-dimensional-one-dimensional heterostructures for the first time, using Resazurin pho-
toreduction as a probe to quantitatively analyze catalytic activity at different sites. They
found that the CdS end bearing the heterojunction exhibited the highest catalytic conver-
sion rate constant, which was 30% higher than that of the middle section, 7% higher than
that of the bare CdS end, and 19% higher than that of the CNT end with the heterojunc-
tion. Adsorption capacity at different structural sites showed a similar trend, attributed
to differences in defect content; for dissociation behavior, direct dissociation dominated
on CdS, while substrate-assisted dissociation dominated on CNT. Figure 2I shows the
photocatalytic generation of fluorescent HN-BODIPY from non-fluorescent DN-BODIPY
on a TiO; crystal surface. Tachikawa et al. [59] used the fluorine-generating reaction of
DN-BODIPY reduction to HN-BODIPY to reveal, at the single-molecule and single-particle
level, differences in photocatalytic activity among different crystal facets of anatase TiO,
bipyramidal nanoparticles. The study found that the photocatalytic reduction activity of
{101} side facets was about four times higher than that of {001} basal facets, and the adsorp-
tion equilibrium constants of DN-BODIPY also differed between facets. Through selective
UV irradiation, this work also suggested that the {101} facets may act as a “reservoir” for
photogenerated electrons. In earlier work from the same group (Tachikawa et al. [60]),
the design and synthesis of the DN-BODIPY probe were reported in detail. The probe
operates via a photoinduced electron transfer (PET) mechanism, being non-fluorescent
in its initial state and becoming strongly fluorescent upon accepting an electron, thereby
enabling highly sensitive monitoring of interfacial electron transfer processes on TiO,
surfaces. These two studies together constitute a complete chain from probe design to
application. The above studies demonstrate that the two classes of reduction-sensitive
probes, Resazurin and DN-BODIPY, have successfully revealed size effects, support effects,
plasmonic enhancement mechanisms, heterojunction site specificity, and facet-dependent
charge separation behavior in nanocatalysis at the single-molecule level. These works
not only deepen our understanding of the microscopic mechanisms of the photocatalytic
reduction half-reaction but also provide single-molecule experimental evidence for the
rational design of efficient photocatalysts.

Acid-sensitive fluorescent probes (e.g., furfuryl alcohol (FA), thiophene, styrene deriva-
tives) are important tools for studying heterogeneous acid catalysis using single-molecule
fluorescence microscopy. These probe molecules are themselves non-fluorescent but un-
dergo oligomerization or polycondensation reactions catalyzed by Brensted acid sites to
generate strongly fluorescent conjugated species. Roeffaers et al. [61] first used the acid-
catalyzed polycondensation of furfuryl alcohol (FA) as a fluorogenic probe, combined with
fluorescence microscopy, to track in real time the spatial and temporal dynamics of acid-
catalyzed reactions within the pore channels of ZSM-5 zeolite crystals at the single-particle
level. This work achieved the first high-spatiotemporal-resolution visualization of Brensted
acid site catalytic activity inside a single zeolite crystal, providing a novel methodological
tool for understanding the active site distribution and deactivation mechanisms of heteroge-
neous acid catalysts. Figure 2H shows the proposed mechanism of chromophore formation
during the acid-catalyzed condensation of furfuryl alcohol. Ristanovi¢ et al. [62] further
combined FA acid-catalyzed oligomerization with three-dimensional single-molecule fluo-
rescence microscopy to quantitatively study the effect of steam treatment on the reactivity
of Brensted acid sites in H-ZSM-5 zeolite crystals at the single-catalytic-turnover level.
They found that the single-turnover kinetics of pristine zeolite crystals exhibited significant
spatial activity heterogeneity and uncorrelated temporal fluctuations at the nanoscale.
Buurmans et al. [63] developed a selective staining method based on the acid-catalyzed
oligomerization of thiophene to localize Breonsted acid sites in fluid catalytic cracking (FCC)
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catalysts at the single-particle level. Confocal fluorescence microscopy images showed
that the zeolite domains within FCC catalyst particles were heterogeneously distributed,
and fluorescence intensity (i.e., Bronsted acidity) decreased with increasing degree of
deactivation. Whiting et al. [64] extended this method to millimeter-scale ZSM-5/5iO,
catalyst extrudates to investigate the effect of different Na*/H* exchange levels on the
spatial distribution of Brensted acid sites. They found that partially exchanged extru-
dates exhibited significant heterogeneity in thiophene oligomer distribution, while fully
exchanged samples showed uniform distribution, demonstrating that thiophene probes
can be effectively used for quantitative imaging of acid site distribution in industrially
sized catalyst particles. Kox et al. [65] combined X-ray absorption, UV /Vis, and confocal
fluorescence microspectroscopy to perform chemical imaging of the acid-catalyzed conver-
sion of thiophene derivatives within the micropores of individual coffin-shaped H-ZSM-5
zeolite crystals, revealing significant spatial heterogeneity in the reaction process and suc-
cessfully correlating the physical structure of the zeolite crystal with its catalytic activity.
Recently, Chen et al. [66] used a template-protected alkaline etching method to construct
a hierarchical mesoporous system with 2-5 nm pores inside ZSM-5 crystals. Combined
with super-resolution fluorescence imaging using a thiophene probe, they found that after
alkaline treatment, the mesopore volume increased by 119% and the trimer product density
increased by 114%, which were highly correlated with improved diffusion depth of the
probe molecules, establishing a clear relationship between pore structure and acid catalytic
performance. Ristanovi¢ et al. [67] first employed Brensted acid-catalyzed oligomerization
of styrene derivatives as a single-molecule probe to investigate the reactivity of individual
H-ZSM-5 zeolite crystals. By forming fluorescent carbenium ions of dimers and trimers
with different photostabilities, single-molecule fluorescence microscopy successfully cap-
tured the spatial distribution of proton transfer processes inside zeolite crystals. The study
found that trimer carbenium ions formed mainly in defect-rich regions of the crystals,
providing a new spectroscopic marker for nanoscale quality control of zeolite materials.
The above studies demonstrate that the three classes of acid-sensitive probes—furfuryl
alcohol, thiophene, and styrene—have successfully achieved spatial localization, activity
quantification, and deactivation process tracking of Brensted acid sites in zeolites and FCC
catalysts at the single-particle/single-molecule level. These works not only deepen the
understanding of activity heterogeneity and deactivation mechanisms in heterogeneous
acid catalysts but also provide single-molecule experimental evidence for the performance
evaluation and rational design of industrial catalysts (e.g., FCC catalysts).

It is worth emphasizing that the activation mechanism of a probe must be fully
understood when selecting it. For example, AR can be directly oxidized by photogenerated
holes or indirectly by €OH, whereas APF responds mainly to ¢OH. Control experiments
(e.g., addition of the «OH quencher DMSO) can distinguish between these two pathways.
In addition, the adsorption behavior, photostability, and potential perturbation of the
catalytic reaction by the probe molecules themselves must be pre-evaluated.
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Figure 2. Molecular structures, sensing mechanisms, and schematic illustrations of single-molecule
fluorescence imaging for commonly used fluorescent probes. (A) Au-nanoparticle-catalyzed reduction
of resazurin to resorufin by NH,OH in aqueous solution. Figure (A) is reproduced with permission
from ref. [52]. Copyright © 2009 American Chemical Society. (B) Reductive deoxygenation of
resazurin by photogenerated electrons in BiOBr produces highly fluorescent resorufin. (C) Diffraction-
limited fluorescence image of a BiOBr nanoplate using resazurin as the fluorogenic probe under dual
405 and 561 nm laser excitation recorded at an exposure time of 50 ms. (D) Super-resolution activity
map of the nanoplate in panel (B) for photocatalytic reduction produced by localizing the positions
of all fluorescence bursts. (E) Oxidative cleavage of the aminophenyl group of 3’-(p-aminophenyl)-
fluorescein (APF) by photogenerated holes in BiOBr produces fluorescein. (F) Diffraction-limited
fluorescence image of a different BiOBr nanoplate using APF as the fluorogenic probe under dual
405 and 488 nm laser excitation recorded at an exposure time of 50 ms. (G) Super-resolution activity
map of the nanoplate in panel (E) for photocatalytic oxidation produced by localizing the positions
of all fluorescence bursts. Color scales: number of fluorescence bursts per bin (120 nm x 120 nm).
The white scale bars in panels (D,G) are 1 um. Figures (B—G) are reproduced with permission from
ref. [51]. Copyright © 2021 American Chemical Society. (H) Proposed formation of chromophores
during the acid-catalyzed condensation of furfuryl alcohol. The initial protonation and dimerization
of (1) lead to the formation of noncolored bisfurfurylmethyl (2). This molecule undergoes a second
hydride transfer, forming a resonance-stabilized carbenium ion (3) and its conjugate structure (4) after
a proton loss. Reproduced from ref. [62] under the terms of the CC BY 4.0 license. Copyright ©
2015 American Chemical Society. (I) Photocatalytic generation of fluorescent HN-BODIPY from
non-fluorescent DN-BODIPY over a TiO, crystal. Figure (I) is reproduced with permission from
ref. [59]. Copyright © 2011 American Chemical Society.

2.3. Key Performance Parameters and Design Principles of Fluorogenic Probes

Although the probes described in Section 2.2 (AR, APF, Rz, DN-BODIPY, FA, etc.)
have demonstrated powerful capabilities in photocatalytic SMFM studies, their physic-
ochemical properties fundamentally determine the signal-to-noise ratio, spatiotemporal
resolution, and reliability of kinetic data. To meet the stringent requirements of single-
molecule detection, an ideal fluorogenic probe should generally possess the following key
performance parameters.
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(a) Stokes shift and excitation/emission wavelengths: The Stokes shift refers to the
wavelength difference between the absorption and emission maxima of a probe molecule.
A large Stokes shift (typically >80 nm) effectively avoids excitation light scattering and
re-absorption, enabling easy separation of the emitted light from the excitation light using
dichroic mirrors and bandpass filters, thereby reducing background noise [68]. At the same
time, the excitation wavelength should match common commercial lasers (e.g., 405, 488,
532, 561, 640 nm), while the emission wavelength should fall within the high quantum
efficiency region of the detector (typically 500-700 nm). Furthermore, the absorption band
of the probe should not severely overlap with the intrinsic bandgap absorption of the
photocatalyst (e.g., UV absorption of TiO,) or the plasmonic resonance peaks (e.g., of Au,
Ag nanostructures), to avoid photosensitization interference or competitive absorption.
For example, DN-BODIPY has excitation/emission maxima at approximately 500/520 nm,
matching well with the 488 nm laser, and its reduced product HN-BODIPY exhibits a larger
Stokes shift, facilitating rejection of excitation light [46].

(b) Fluorescence quantum yield (dark — bright state): Single-molecule detection re-
quires an extremely low quantum yield for the non-fluorescent (or weakly fluorescent)
precursor (the “off” state, typically @4, < 0.001) and a high quantum yield for the fluores-
cent product (the “on” state, Dpright > 0.5) to achieve maximum signal-to-noise ratio. For
instance, resazurin (Rz) itself has a fluorescence quantum yield of approximately 0.003 upon
560 nm excitation, whereas after reduction to resorufin (Rf), the quantum yield increases to
about 0.74, improving the signal-to-noise ratio by nearly 250-fold [43]. Similarly, conversion
of AR to Rf gives a fluorescence enhancement of about 100-fold [44]. Low background
fluorescence is a prerequisite for achieving single-molecule localization precision and is a
core feature that distinguishes SMFM from conventional fluorescence microscopy.

(c) Chemical stability, thermal stability, and photostability: Probes must remain chemi-
cally inert under the reaction medium (pH, ionic strength, solvent, dissolved oxygen) and
experimental temperature (typically 25-80 °C, and even higher for some high-temperature
catalytic studies), without nonspecific hydrolysis or auto-oxidation. However, many probes
have inherent limitations: AR degrades rapidly at pH > 8.5, the reduction of Rz is com-
petitively inhibited by O, [69-73]; FA is stable under strongly acidic conditions but may
undergo non-catalytic polymerization at elevated temperatures. Photostability refers to
the resistance of the fluorescent product to photobleaching under continuous excitation.
Single-molecule fluorescence bursts typically need to be recorded over tens of milliseconds
to seconds; if the photobleaching time is too short, insufficient photons will be collected
for localization. The use of anti-photobleaching reagents (e.g., Trolox, 3-mercaptoethanol)
or lower excitation power densities can mitigate the problem, but the best strategy is to
design probes with intrinsically high photostability.

(d) Reversible vs. reactive (irreversible) reaction modes: The reaction between a
probe and the target species (photogenerated electrons, holes, radicals, or protons) can be
classified as irreversible or reversible. Irreversible probes (e.g., Rz — Rf, AR — Rf, APF
— fluorescein, DN-BODIPY — HN-BODIPY, FA oligomerization), once activated, lead to
stable accumulation of the fluorescent product and are suitable for active-site localization
and cumulative activity mapping. Their advantage is that no signal is lost due to reverse
reactions; however, they cannot monitor the on/off dynamics of catalytic sites or rapid
fluctuations in reaction rates in real time. Reversible probes (e.g., certain probes based
on photoinduced electron transfer (PET) or intramolecular charge transfer (ICT)) show
enhanced fluorescence in the presence of the target species and return to the dark state after
its removal, thus enabling real-time tracking of transient catalytic events [74]. Nevertheless,
reversible probes are more difficult to design and often require complex synthesis and
calibration. In photocatalytic SMFM studies, the vast majority of applications employ
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irreversible probes to obtain highly sensitive time-integrated activity maps. However, for
investigating the dynamic deactivation of active sites, charge carrier trapping and release,
etc., reversible probes offer irreplaceable advantages.

(e) Probe adsorption and diffusion behavior: The adsorption equilibrium constant
(K,4s) and surface diffusion coefficient of probe molecules on the catalyst surface directly
affect the frequency and residence time of single-molecule fluorescence bursts. Ideally, a
probe should exhibit moderate adsorption (K,4s in the range of 10%-10° M) to ensure
sufficiently high surface concentration for capturing catalytic events without blocking
active sites or causing local substrate depletion due to overly strong adsorption. Tachikawa
et al. [59] found that the K,45 of DN-BODIPY on the TiO, {101} facet was approximately
twice that on the {001} facet, directly contributing to the difference in reduction activity.
Moreover, if the diffusion rate of the probe on the surface is much lower than the reaction
rate, the spatial distribution of product molecules will reflect the in situ active sites more
accurately; conversely, rapid diffusion blurs the activity map. Single-particle tracking (SPT)
techniques can directly measure the diffusion coefficient of probes on the catalyst surface,
thereby correcting localization errors [75].

In summary, the selection of a fluorogenic probe does not rely solely on response
specificity but also requires a comprehensive trade-off among Stokes shift, compatibil-
ity of excitation/emission wavelengths with the optical system, quantum yield change,
chemical/thermal/photostability, reversible vs. irreversible reaction behavior, and sur-
face adsorption/diffusion characteristics. No current probe satisfies all ideal conditions
simultaneously. Researchers should prioritize the various parameters according to the
specific photocatalytic reaction system (target species, pH, temperature, illumination wave-
length, time resolution requirements) and rigorously validate the reliability of the probe
through control experiments (e.g., without catalyst, dark conditions, excitation-wavelength
dependence, radical quenching, etc.).

3. Photocatalysts

The catalytic performance of photocatalytic materials is closely related to their exposed
crystal facets, surface defects, and charge separation efficiency [76,77]. Conventional
ensemble measurements cannot reveal the structural and functional heterogeneity between
different regions within a single particle [78-80]. Leveraging its nanoscale spatial resolution
and single-turnover kinetic analysis capability, single-molecule fluorescence microscopy
has achieved key advances in photocatalysis, including visualization of facet-dependent
charge separation pathways, activity imaging and dynamic tracking of defect sites, and
precise localization of active sites in photoelectrochemical water splitting.

3.1. Visualization of Facet-Dependent Charge Separation Pathways

Anatase TiO,, with its well-defined {001} and {101} facets, serves as an ideal model
system for such studies. In a pioneering work, Tachikawa et al. [59] used the DN-BODIPY
reduction probe to visually demonstrate, for the first time at the single-particle level, the
preferential enrichment of photogenerated electrons on the {101} facets. They found that
although the {001} facets have higher surface energy, the photocatalytic reduction activity
of the {101} facets was approximately four times higher. As shown in Figure 3A, the re-
searchers used a 100 um pinhole to irradiate UV light onto the central region of the {001}
facets of the crystal. In addition to the {001} surface, numerous fluorescence bursts were ob-
served on the unirradiated {101} facets (Figure 3B,D); this pattern was verified on more than
five independently tested single crystals. In contrast, when the {101} facets were selectively
irradiated with UV light, the catalytic activity on the {001} facets dropped substantially;,
becoming nearly negligible (Figure 3E). These results indicated that the {101} facets can
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serve as storage sites for photogenerated electrons. Subsequent theoretical calculations [81]
further supported this model, pointing out that in an aqueous environment, the {101} facets
possess the lowest conduction band minimum (CBM), providing a thermodynamic driving
force for electron migration. Wang et al. [82] used dual-probe (simultaneously tracking
oxidation and reduction) SMFM imaging on decahedral TiO; particles and discovered a
counterintuitive phenomenon: the highest photocatalytic activity was not found on ei-
ther flat {001} or {101} facet, but rather concentrated at the edges and corners where the
two facets meet. Density functional theory (DFT) calculations revealed that the electronic
structure at these geometric discontinuities is reconstructed, forming unique “surface het-
erojunctions” capable of efficiently capturing both electrons and holes simultaneously. This
finding greatly deepens our understanding of active sites on TiO;, extending the focus from
single “facets” to “edges” and “points.” Macroscopic photocatalytic experiments by Zheng
et al. [83] corroborated this, showing that when TiO, microspheres simultaneously expose
an appropriate proportion of {001} and {101} facets, they exhibit the highest photocatalytic
hydrogen production activity, attributed to the formation of effective charge separation
channels between the two facets. Meanwhile, D’Arienzo et al. [84] used electron param-
agnetic resonance (EPR) spectroscopy to provide complementary evidence from a defect
chemistry perspective, showing that the concentrations of photogenerated Ti** (electron
centers) and O~ (hole centers) are positively correlated with the exposed areas of {101}
and {001} facets, respectively, further reinforcing the connection between specific facets
and particular charge trapping sites. The facet-dependent charge separation effect is also
significant in the BiVO, system but exhibits more complex characteristics. Banik et al. [85]
used scanning photoelectrochemical microscopy (SPCM) to image individual BiVOy parti-
cles and confirmed that the lateral {110} facets generally exhibit higher photocurrent than
the top {010} facets. Surprisingly, they observed significant photocurrent differences even
among different {110} facets on the same particle, indicating that besides facet orientation,
the specific surface chemical environment (e.g., defects, terminating atoms) is also critically
important. This finding reminds us that simply attributing activity to a particular facet is an
oversimplification; the microscopic heterogeneity of surface chemistry is an indispensable
key variable. Zhu et al. [86] used spatially resolved surface photovoltage spectroscopy to di-
rectly observe up to a 70-fold difference in photovoltage signals between the {011} and {010}
facets on a single BiVOy particle, providing direct electrical evidence for facet-dependent
charge separation. SMFM and related imaging studies on model semiconductors such
as TiO, and BiVOy have clearly established the fundamental physical picture of facet-
dependent charge separation, where {101} /{001} facets serve as reduction/oxidation sites,
respectively, providing an important first-principles basis for understanding photocatalytic
processes. However, recent research has shifted the focus from simple “facets” to finer
“interfacial junctions” and “surface defects,” indicating that the nature of catalytic active
sites is more dynamic and complex.
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Figure 3. (A) Illustration of the remote photocatalytic reaction on the {101} facets with DN-BODIPY
during photoirradiation onto the {001} facets. The irradiated area was limited by a pinhole (the spot
diameter is 2 pm on the crystal surface). (B) Fluorescence image of a TiO, crystal that is immobilized
on the cover glass in Ar-saturated DN-BODIPY solution (1.0 uM, in methanol) under a 488 nm laser
and UV irradiation. The scale bars are 4 um. (C) Time trace of fluorescence intensity observed over
the square region in panel (B) (see the arrow). The UV irradiation area is inside the white circle in
the images. (D,E) Location of fluorescence bursts on the {001} (blue) and {101} (red) facets. The UV
irradiation areas are inside the black circles (diameter 2 um). Figures (A-E) are reproduced with
permission from ref. [59]. Copyright © 2011 American Chemical Society.

3.2. Activity Mapping and Dynamic Chemistry of Defect Sites

Defects (e.g., oxygen vacancies) play a “double-edged sword” role in photocatalysis.
Shen et al. [43] used the Resazurin reduction probe to monitor in situ the dynamic changes
in catalytic activity during the photoinduced formation of oxygen vacancies on individual
BiOBr nanoplates: low concentrations of oxygen vacancies enhanced visible light absorp-
tion and increased activity, whereas high concentrations introduced recombination centers
and weakened probe adsorption, leading to decreased activity—providing the first experi-
mental verification at the single-particle level of the “activation-deactivation” mechanism of
oxygen vacancies. In the same system, Shen et al. [51] simultaneously used APF (oxidation)
and Resazurin (reduction) dual probes for coordinate-based colocalization analysis. They
found that the same batch of BiOBr nanoplates could be divided into two types: in one
type, oxidation and reduction reactions were spatially uncorrelated (defect-rich regions
selectively trapped a single carrier type), while in the other type, the two reactions were
highly colocalized in defect-poor regions, and the colocalized regions exhibited signifi-
cantly higher oxidation activity and fluorescence photon counts. As shown in Figure 4, after
separately imaging the oxidation reaction (APF probe) and reduction reaction (resazurin
probe) on the same nanoplate (Figure 4a,b), the CBC algorithm was used to calculate the
spatial proximity of each reaction site to the other type of reaction site (Figure 4c—f), ulti-
mately revealing two distinct behaviors: “site segregation” and “site colocalization.” This
work revealed that defect-poor regions are key to achieving sacrificial-agent-free overall
water splitting. Shen et al. [87] used dual-probe colocalization of APF and furfuryl alcohol
on WOy nanowires to demonstrate that the most active regions for hydroxyl radical
generation also had the highest oxygen vacancy density and that blocking oxygen vacancy
accessibility by chemical modification significantly decreased activity. Compared with
three-dimensional bulk materials, two-dimensional layered semiconductors have almost
fully exposed surfaces, making them ideal platforms for studying the relationship between
defect structure and activity. The study by Huang et al. [88] on two-dimensional InSe thin
layers is exemplary. Using SMFM, they quantitatively determined the catalytic activity of
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four typical structural features—basal plane, edges, wrinkles, and vacancies—on the same
InSe flake. The results revealed a clear activity order: vacancies > wrinkles > edges > basal
plane, with the intrinsic activity of a single vacancy being about 10.5 times that of the basal
plane. Deeper analysis revealed a trade-off between “adsorption” and “reaction” at differ-
ent sites: the flat basal plane had the strongest substrate adsorption capacity (molecules
can lie flat) but the slowest reaction rate, whereas vacancies had weaker adsorption but
the fastest conversion rate. Wu et al. [89] further combined SMFM with femtosecond
interferometric scattering microscopy (Femto-iSCAT) to establish a nanoscale correlation
between photocatalytic activity and charge carrier lifetime at different sites on InSe, finding
that the specific reaction rate was positively and linearly correlated with carrier lifetime but
weakly correlated with carrier concentration, providing clearer carrier dynamics guidance
for defect engineering. Through detailed SMEM studies on BiOBr, W13Oy9, InSe, and other
materials, we recognize that defects are no longer simple binary labels of “active site” or
“recombination center.” They possess unique electronic structures, spatial distributions,
and dynamic behaviors that profoundly regulate every step of photocatalysis.

el1so 300
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Figure 4. Colocalization of photocatalytic oxidation and reduction reactions on representative type
I (a,c,e) and type II (b,d,f) BiOBr nanoplates. (a,b) Super-resolution activity maps of two BiOBr
nanoplates using APF (1st and 3rd columns) and resazurin (2nd and 4th columns) as probes for
photocatalytic oxidation and reduction, respectively. Color scale: number of fluorescence bursts per
bin (120 nm x 120 nm). (c,d) Coordinate-based colocalization (CBC) maps for fluorescence bursts
using APF (1st and 3rd columns) and resazurin (2nd and 4th columns). Color scale: median CBC
score in each bin ranging from —1 for anticorrelated to +1 for perfectly correlated burst distributions.
All white scale bars are 1 um. (e, f) Distribution of CBC scores for APF (red) and resazurin (blue)
bursts showing low spatial correlation for the type I nanoplate in panel (e) and high spatial correlation
for the type II nanoplate in panel (f). Figures (a—f) are reproduced with permission from ref. [51].
Copyright © 2021 American Chemical Society.

3.3. Precise Localization of Active Sites in Photoelectrochemical Water Splitting

Sambur et al. [90] combined super-resolution single-molecule fluorescence imaging
with sub-particle photocurrent measurements to simultaneously map electron-driven and
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hole-driven reaction activity on individual TiO; nanorods. They found that the most
active sites for water oxidation were also the sites with the most severe electron-hole
recombination. Guided by the activity maps, they achieved site-selective deposition of
cocatalysts and found that depositing cocatalysts on low-activity sites most significantly
increased the photocurrent, while deposition at sites with a positive onset potential was
most effective for reducing the overpotential. They proposed a “block-deposit-remove”
strategy that increased the overall photocurrent by 60% and shifted the onset potential
negatively by 70 mV. Sambur et al. [91] further tracked the surface concentration of Ti-
OHe intermediates on TiO, photoanodes and correlated it with photocurrent, revealing the
potential dependence of the interfacial hole transfer and O-O bond formation rate constants.
Okazaki et al. [92] achieved site-selective deposition of a CoOx cocatalyst at the edges of Au
nanoparticles on a plasmonic Au/TiO; photoanode, resulting in an approximately three-
fold increase in photocurrent. Hirayama et al. [93] developed a facet-selective ultra-fine
cocatalyst loading method, selectively depositing approximately 1 nm Rh-Cr mixed oxide
on the {100} facets of SrTiO3/Al, achieving the highest apparent quantum yield reported
to date.

In summary, the above studies—from facet-dependent charge separation, dynamic
and spatial heterogeneity of defect sites, to precise localization of active sites and cocata-
lyst engineering in photoelectrochemical water splitting—systematically demonstrate the
powerful capabilities of single-molecule fluorescence imaging and related techniques in
probing the microscopic mechanisms of semiconductor photocatalysis.

4. Challenges and Outlook

After nearly two decades of development, single-molecule fluorescence microscopy
(SMFM) has expanded from initial model reaction studies to complex photocatalytic mate-
rials, heterojunction interfaces, and even bio-inorganic hybrid systems, achieving fruitful
results in revealing active site distribution, charge separation pathways, and reaction
kinetics. Nevertheless, the widespread application of this technique still faces several
fundamental challenges. In recent years, researchers have made important progress in
overcoming these bottlenecks, and new imaging modalities are continuously broadening
the application boundaries of SMFM.

Most existing probes perform best in neutral aqueous buffers and have limited com-
patibility with industrially relevant conditions such as strong acids/bases, high temper-
atures/pressures, and gas-phase reactions. Amplex Red is unstable at pH > 8.5, and the
reduction of Resazurin is inhibited in the presence of oxygen [69-73]. This means that
the vast majority of SMEFM experiments are confined to the narrow pH window of 6-8
(typically pH 7.4 phosphate buffer). This limitation is critical for photocatalysis research.
Many important photocatalytic reactions, such as CO, reduction, nitrate reduction, and
organic pollutant degradation, often have optimal reaction conditions in acidic or alkaline
environments. For example, photoelectrocatalytic CO, reduction [94-96] is often carried
out in KHCOj3 or CO,-saturated acidic electrolytes, with pH values far below the working
range of the probes. Similarly, water oxidation is more favorable at high pH, but AR rapidly
degrades under those conditions. An often overlooked issue is the photosensitization
effect of probe molecules [97]. Many fluorescent probes (including AR, APFE, and Rz) have
significant absorption in the visible region. Under SMFM excitation light (e.g., 488 nm,
532 nm, or 561 nm), the probe molecules themselves may be excited and inject electrons into
the conduction band of the semiconductor—a process identical to the working principle of
dye-sensitized solar cells. In this case, the probe no longer “reports” photocatalytic activity
but rather “drives” the photocatalytic reaction. Distinguishing between “photocatalysis”
and “photosensitization” requires rigorous control experiments without catalysts and with
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different excitation wavelengths, a point that has not received sufficient attention in many
published works.

Developing fluorescent probes suitable for strong acids/bases, organic solvents, high
temperatures/pressures, and gas-phase reaction conditions is the top priority for broaden-
ing the application scope of SMFM. Recently developed specific probes for CO, NO, , NH3,
etc., offer new possibilities for in situ imaging of photocatalytic CO, reduction, N fixation,
and other reactions. Combining SMFM with ultrafast spectroscopy, tip-enhanced Raman
spectroscopy (TERS) [98], in situ transmission electron microscopy (TEM)/X-ray absorption
spectroscopy (XAS) [99,100], and other techniques is expected to simultaneously obtain
multi-dimensional information (activity maps, electronic structure, chemical composition,
atomic structure) on the same catalyst particle, truly enabling a direct “structure-activity”
correlation. The application of deep learning in single-molecule localization is advancing
rapidly; frameworks such as LiteLoc [101] enable end-to-end high-precision localization
and real-time data analysis. In the future, machine-learning-assisted automated data analy-
sis pipelines will turn SMFM into a high-throughput, high-precision platform for catalysis
research. At the same time, applying SMFM to single-atom catalysts to resolve the intrinsic
activity and dynamic evolution of individual metal sites at the single-atom level, as well
as developing in situ imaging setups suitable for high-temperature, high-pressure, and
gas-phase reactions, will bring SMFM closer to real industrial catalytic conditions and
promote the translation of fundamental research toward practical applications.

5. Conclusions

Semiconductor photocatalysis, as an important approach to addressing global energy
crises and environmental pollution, has long been constrained by insufficient understand-
ing of the microscopic processes at surfaces and interfaces. Traditional ensemble-averaged
characterization methods cannot reveal the structural and functional heterogeneity of cata-
lyst surfaces, obscuring the active sites and reaction pathways that truly determine catalytic
performance. Single-molecule fluorescence microscopy, with its nanoscale spatial resolu-
tion and millisecond temporal resolution, overcomes the dual limitations of the optical
diffraction limit and ensemble averaging, enabling in situ, real-time observation of individ-
ual catalyst particles, individual active sites, and even single catalytic turnover events. This
represents a revolutionary breakthrough for investigating microscopic photocatalytic mech-
anisms. In summary, this review provides a comprehensive methodological framework for
single-molecule studies of photocatalytic surface and interface processes by establishing a
systematic performance evaluation system for fluorescent probes, comprehensively inte-
grating cutting-edge research findings from the past five years, and conducting an in-depth
analysis of the bottlenecks hindering technological translation. Looking forward, with the
development of novel functional probes, the integration of multimodal imaging techniques,
and the deeper involvement of artificial intelligence, single-molecule fluorescence imaging
is poised to play an irreplaceable role in unveiling the dynamic reaction mechanisms of
photocatalysis and guiding the rational design of high-performance catalysts.
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