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Imaging the chemical activity of single
nanoparticles with optical microscopy

Wei Wang

Nanomaterials exhibit structural and functional heterogeneity among individual nanoparticles, thus

requiring a capability to study single nanoparticles. While electron microscopes often provide static

images of their chemical composition, morphology and structure, imaging the chemical activity of single

nanoparticles is highly desirable for exploring the structure–activity relationship via a bottom-up

strategy, to understand their microscopic reaction mechanisms and kinetics, and to identify a minority

subpopulation with extraordinary activity. Recently, various optical microscopes have been emerging as

powerful techniques towards this goal, owing to their non-invasive nature, excellent sensitivity,

diversified spectroscopic principles and sufficient spatial and temporal resolution. In this review, we first

introduce the motivational concept and the strength of using optical microscopy to study the chemical

activity of single nanoparticles. In the second section, five types of commonly used optical microscopy,

fluorescence microscopy, dark-field microscopy, surface plasmon resonance microscopy, Raman

microscopy and photothermal microscopy are described, with an emphasis on their applicable nano-

materials and mechanisms for application. Recent achievements of these techniques in nanosensing,

nanoelectrochemistry and nanocatalysis are surveyed and summarized in the subsequent sections,

respectively. We finally conclude with our perspective on the remaining challenges and the future trends

in this field.

Introductions

Various chemical activities of nanomaterials enable their exciting
application in broad fields ranging from clean energy and
heterogeneous catalysis to chemical and bio-sensing. One of
the most intrinsic features associated with nanomaterials is the
structural and functional heterogeneity among individual nano-
particles. Each nanoparticle is structurally different from all
others in terms of chemical composition, morphology, atomic
arrangement, lattice defects and surface chemistry, leading to
dramatically different activities when involved in chemical pro-
cesses. Ensemble measurements (both structural characteriza-
tions and activity determinations) only provide averaged results
of billions of nanoparticles, which blur the structure–activity
relationship and are likely to overlook a minority subpopulation
with outstanding activity. In order to draw a microscopic picture
of nanomaterials, the capability of studying single nanoparticles
is of particular interest as it can access these heterogeneities.
While structural characterizations of single nanoparticles have
become routine in materials science with the help of electron
microscopes, interrogating chemical activity (function) at the
single-nanoparticle level has proven to be a more challenging
task. This is because chemical environments, such as solvents,
reactants and electrolytes, play essential roles in regulating the
chemical activity. They are often not compatible with the
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vacuum conditions and high-energy beam in electron micro-
scopes, despite recent developments in liquid-cell and in situ
electron microscopy.

The optical microscope is the earliest design of microscope
for magnifying and resolving tiny objects based on light–matter
interactions. In contrast to the centuries-long history of routinely
using optical microscopes in biological labs, however, their
application in nanoscience and molecular science has been part
of a new wave since the 1990s when fluorescence microscopy
(FLM) demonstrated its capability of studying single organic
molecules1 and CdSe quantum dots.2 Since then, more types of
optical microscopes have been developed and employed to
image a broad range of nanomaterials. These include dark-
field microscopy (DFM)3 and Raman microscopy4 for plasmonic
nanomaterials, photothermal microscopy (PTM) for light-
absorbing nanomaterials,5 and surface plasmon resonance
microscopy (SPRM) for dielectric and soft nanomaterials,6 to
name just a few. The rapid growth and bright future of using
optical microscopes to image chemical activity at the single-
nanoparticle level are promised by several strengths, including
good environmental compatibility, excellent sensitivity, diversi-
fied spectroscopic principles and sufficient spatial and tem-
poral resolution. Because optical microscopes utilize gentle
visible light to illuminate the sample, they usually cause subtle,
if any, disturbance to the reaction system during measurement.
They are satisfactorily compatible with common solvents and
reactants. Flow control as well as temperature and pressure
control can also be feasibly achieved if necessary.7 Several kinds
of optical microscopes have demonstrated unprecedented
sensitivity to detect individual small molecules,8 substantially
paving the way towards single-molecule chemistry.9 Most
importantly, versatile optical and spectroscopic principles and
techniques focus on comprehensive aspects of the chemical
and electronic structures of nanomaterials, providing rich and
essential information for understanding the chemical processes
occurring at nanometer-sized scales.

A brief scenario for the chemical imaging of single nano-
particles with optical microscopy is described in Fig. 1. A parti-
cular type of optical microscope monitors the corresponding

optical signal of single nanoparticles located in an appropriate
reaction environment. During continuous recording of optical
images, an external stimulus is applied at a certain moment to
trigger a chemical reaction, leading to an alteration in optical
intensity in a series of time-lapsed images. Common stimuli
include the introduction of reactants, and illumination with
light, as well as the application of a potential. The chemical
activity of each and every individual particle in the field of view
can thus be extracted from the corresponding signal traces by
virtue of a pre-established optical-to-chemical information con-
version model. Then, the sample is characterized with other
techniques (such as electron microscopy) to access the structural
information of the very same nanoparticles, so that the activity
(from the optical microscope) and the structure (from the electron
microscope) can be correlated at the single-nanoparticle and even
sub-nanoparticle level.

Existing studies have demonstrated several promising strengths
of such an approach. First, it provides a bottom-up strategy to
build the structure–activity relationship by correlating the
activity and the structure of the very same individuals. Because
both the single-nanoparticle structure and the activity can be
accurately determined, one can uncover important dependencies
of activity on the structural features. For instance, by optically
watching the location of products in a fluorogenic reaction
catalyzed by a layered double hydroxide crystal, it was found
that ester hydrolysis preferentially took place on the lateral
[1010] crystal facet while transesterification did not display a
facet preference.10 In addition, hole–electron separation is a
critical step for efficient semiconductor photocatalysis. While it
has commonly been suggested that electron-assisted reduction
reactions and hole-assisted oxidation reactions take place at
different sites, Chen et al. observed spatial co-localizations
between these two competing pathways.11 Mapping the reactive
sites within a single nanoparticle offers a convenient and
powerful possibility of accessing these structural preferences
that could otherwise be blurred in ensemble methods. Second,
it allows for the identification of a minority subpopulation
(or even individuals) with extraordinary activity, whose contribu-
tion could be overlooked in ensemble measurements. Existing
studies have shown significant particle-to-particle variations in
surface-enhanced Raman scattering because the enhancement
factor is extremely sensitive to the nano-scaled geometry (hot
spots) of different individuals. Optical microscopy allows for
the determination of the sub-nanoparticle distribution of hot
spots,12 so that one can choose a particular individual with
the best Raman enhancement factor for further sensing and
chemical applications.4 Third, it uncovers some mechanistic
and kinetic features that are only observable at the single-entity
level. A typical example is the intermittent fluorescence emission
(photoblinking) from a single fluorophore,2,13 which has greatly
advanced the fundamental understanding of photophysics14

and has inspired super-resolved FLM.15,16 A recent study
reported the photochemical counterpart of such intermittency
by monitoring the photocatalytic hydrogen evolution rate at a
single-nanoparticle level.17 The memory effect in single-molecule
enzymatic kinetics18 and fluctuating activity in single-nanoparticle

Fig. 1 Schematic illustration of the basic methodology of using optical
microscopy to investigate the chemical activity of single nanoparticles.
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catalysis19 are further examples. Because these behaviors
are highly unsynchronized among individual particles, such
dynamic characteristics are completely washed out in ensemble
experiments, underscoring the unique value of chemical measure-
ments at the single-entity level.

The scope of this review is restricted by three keywords: optical
microscopy, chemical activity and nanomaterials. Despite the
exciting progress recently achieved by electron microscopy and
scanning probe microscopy (including near-field scanning opti-
cal microscopes) for studying nano-scaled reactions,20–24 they are
not covered here due to space limitations. For the same reason,
we exclude numerous studies that use nanoprobes to detect,
locate and track biomolecules in living cells and tissues.25–27

Instead, we focus on in vitro chemical and bio-sensing that
emphasize the structural dependence of analytical performance.
Single-molecule biophysics28 and chemistry9,29,30 are included
only when the chemical activity of single nanomaterials is
involved. This review is organized as follows. We first introduce
the motivational concept and the strength of chemical imaging at
the single-nanoparticle level. In the second section, the principle,
apparatus, applicable nanomaterials, and mechanisms for the
application of several kinds of optical microscopes are described,
with an emphasis on their technological development. Because
the principle and instrumentation of optical microscopy for
chemical imaging are not fundamentally different from those
for bio-imaging, which have been well-documented in review
papers and textbooks elsewhere,31,32 here we emphasize the
applicable types of nanomaterials, as well as the available
mechanisms for chemical applications. The principles and
apparatus are only briefly introduced and compared with each
other for content integrity and to provide a better understand-
ing of the mechanisms for applications. In the next sections,
three major application fields, nanosensing, nanoelectrochem-
istry and nanocatalysis, are respectively summarized. As this
review does not aim to cover all the achievements that have
been made in this rapidly growing field, only those milestones
and most recent results are selected. A list of existing references
is provided for readers who are interested in a more compre-
hensive survey of the particular subject. We finally provide our
perspective on the potentials and challenges, and point out
future trends.

Advanced optical microscopy
techniques

Two terms, signal-to-background ratio (SBR) and point spread
function (PSF), should first be explained before we introduce
specific techniques. SBR, i.e., visibility, describes the capability
of distinguishing an object from its surrounding background.
Whether an optical microscope can see an individual nano-
particle or not is determined by its visibility rather than the
resolution. The latter describes the capability of distinguishing
an object from an adjacent one. Pushing the limit of resolution
is continuously pursued but it is not necessarily required for
single-nanoparticle imaging. For example, seeing a 5 nm CdSe

quantum dot (QD) can be feasibly achieved under an FLM with
regular resolution of around B300 nm. As long as (1) this
nanoparticle is sufficiently far apart from any other nanoparti-
cle by a few microns, and (2) it is bright enough to be identified
from the optical background, one can see this nanoparticle and
trace its optical signal quantitatively. However, the nanoparticle
may not display its real size and morphology in the captured
image. Instead, an identical pattern, namely the point spread
function (PSF), shows up for all nanoparticles regardless of
their size, morphology or even chemical identification, as long
as it is smaller than the diffraction limit. The PSF defines the
spatial pattern in the image plane of an infinitesimally small
spot and it is determined by the particular optical system. A PSF
with an intensity distribution following a 2-dimensional Gaussian
function is the most commonly encountered because of the
diffraction of light (Airy disk). In order to avoid overlapping PSFs,
individual nanoparticles are typically immobilized on the sub-
strate at a rather low density to ensure that adjacent nanoparticles
are at least as far apart as the size of the PSF.

Fluorescence microscopy (FLM)

Fluorescence (FL) is light emission accompanied by radiative
relaxation when a substance in an excited state returns to its
ground state. Except for a few examples, such as multiple-
photon excitation, FL emission usually has a longer wavelength
than the excitation light. Because many types of nanomaterials
and molecules exhibit a rather high FL quantum yield and the
background scattering can be effectively filtered out by using
optical filters, FLM was the earliest and most commonly used
optical microscope for imaging single nanoparticles with excel-
lent SBR. The 1990s witnessed the great achievements of FLM in
visualizing single organic fluorophores,1 fluorescent proteins13

and conjugated polymer molecules.33 CdSe nanocrystals were
the first kind of nanomaterial that was imaged by FLM at the
single-entity level.2 Since then, FLM has demonstrated its
strength for investigating the fundamental photophysics as well
as the chemical activity of many different types of FL nanoma-
terials, including up-conversion nanomaterials,34–36 perovskite
QDs,37–39 polymer dots,40,41 carbon nanotubes and dots,42–44

metal nanoclusters45–47 and relatively large plasmonic metal
nanoparticles.48–50 Nanomaterials exhibit several advantages
over molecules for FL imaging, such as a large absorption
cross-section, long lifetime, large Stokes shift, improved photo-
stability and a structure-dependent spectrum. So far, several
kinds of FL mechanisms have been proposed, including elec-
tronic bandgap emission,51 surface defect-relevant emission52

and radiative damping of the plasmon resonance of metallic
nanostructures.48 Strictly speaking, photo-luminescence (PL) is
a more suitable term for semiconductor and plasmonic nano-
materials because their emission mechanisms are somewhat
different from that of conventional molecular FL. To simplify the
descriptions, however, this review does not distinguish between
these two terms, as they share the same apparatus and mecha-
nisms for applications.

Although the relatively large absorption cross-section of
nanomaterials facilitates FL imaging, advanced FLMs are often
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required to achieve better SBR, especially when the quantum
yield is low or the nanoparticle is small. Confocal microscopy
and total internal reflection fluorescence microscopy (TIRFM)
are two representative configurations for point-scanning and
wide-field imaging, respectively. While confocal microscopes
are more frequently chosen for thick biological samples, TIRFM
is preferred for imaging single nanoparticles that are sparsely
distributed on the substrate.32 Fig. 2a illustrates the repre-
sentative optical configuration of an objective-based TIRFM.
Individual nanoparticles are firmly and sparsely immobilized
on the glass coverslip by virtue of electrostatic interaction or
van de Waals forces. A monochromatic laser beam is collimated
and focused at the back focal plane of an objective with a high
numerical aperture (typically 1.4 or above), resulting in a
parallel beam of light towards the sample with an adjustable
incident angle. When the angle is tuned to be higher than the
critical angle at the glass–solution interface, total internal
reflection occurs and creates an evanescent wave that pene-
trates vertically into the solution by a distance much shorter
than the wavelength (100–200 nm). The evanescent wave excites
the FL emission from the surface-bound nanoparticles, which
is collected by the same objective to produce an image in the
camera. Since only a very thin layer of solvent receives excita-
tion due to the near-field nature of the evanescent wave, the
background scattering is significantly reduced. A dichroic
mirror and emission filter further improve the SBR by filtering
out the background scattering. Fig. 1b (middle panel) shows
a typical FL image of CdSe QDs. Because of the diffraction,
photons emitted from single QDs form a blurred dot, which
represents the 2-dimensional PSF. Although the full width at
half maximum (FWHM) value of the PSF usually ranges from
200 to 300 nm, a super-localization strategy fitting the dot with
a 2-dimensional Gaussian function allows one to determine the
location of single fluorophores with an accuracy of up to 1 nm
(top panel in Fig. 1b).53 Note that TIRFM is a wide-field imaging
technique without the need for laser-scanning. The whole
image is acquired within a single exposure time ranging from

several milliseconds to hundreds of milliseconds. In addition
to objective-based TIRFM, an evanescent wave can also be
generated by placing a triangle prism on top of the microscope
objective.19 In this case, the generation of an evanescent wave
and the detection of emitted light are achieved by the prism
and the objective, which are placed above and below the sample,
respectively.

When looking at the representative FL intensity trajectory of
single QDs as a function of time (Fig. 1b, bottom panel), an
obvious intermittency immediately comes to our attention.2,54

The FL intensity rapidly and stochastically switches between
ON and OFF states, following an empirical power-law distribu-
tion.55 This phenomenon is also known as FL photoblinking, and
has been observed in many types of FL nanomaterials.39,56–58

Although the comprehensive mechanism remains under dis-
cussion,54 it has now become an important criterion by which
to determine whether the emitter is a single fluorophore or not.
The FL photoblinking has two faces, causing both pros and cons
for its applications. For instance, when developing QD-based
photovoltaic and display devices, non-blinking nanomaterials
are generally desirable to improve the energy conversion effici-
ency. Blinking is also harmful when using QDs as nanoprobes to
label and to trace host proteins in biological samples.59 However,
intermittent emission from single fluorophores is beneficial for
developing a super-resolved FL imaging technique.15,16 In addi-
tion, quantitative analysis of the intermittency patterns could
reveal important information about the physical and chemical
states of the fluorophore.60

Mechanisms for applications generally fall into three cate-
gories: intensity (enhancement, quenching or blinking), spectrum
(wavelength, lifetime and anisotropy), and spatial super-
localization. The FL intensity of single emitters is largely
influenced by their own chemical states as well as the local
nano-photonic environments, resulting in intensity enhance-
ment or quenching, and altered photoblinking patterns. FL
emission is found to be greatly enhanced by up to one thousand
times when the emitter is close to the hot spots in plasmonic
nanostructures.61–63 The hot spot acts as an optical antenna to
amplify the electromagnetic field in the extremely confined
vicinity. In addition to plasmonic nanostructures, dielectric
environments, such as photonic crystals64 and silicon nano-
gaps,65 were recently found to enhance FL intensity. Such
enhancement is sometimes accompanied by a shortened life-
time as well as the altered photoblinking pattern.66,67 Mapping
the super-localization of multiple molecules with enhanced FL
intensity allows for the interrogation of the electromagnetic
field distribution in this hot spot.68–70

Dark-field microscopy (DFM)

The image contrast in DFM comes from the elastic scattering of
light by nanoparticles. Oblique illumination keeps the incident
light from entering the objective, causing a dark background,
as shown in Fig. 3a. Elastic scattering by nanoparticles on the
substrate re-emits photons at all angles. Part is collected by the
objective to generate a bright dot in the DFM image. However,
because the signal (scattered photons from the nanoparticles)

Fig. 2 (a) Representative optical configuration of a TIRFM. (b) Time-
lapsed FLM images of single CdSe nanoparticles (middle panel) allow for
spatial super-localization analysis of each individual (top panel) and its
temporal trajectory (bottom panel).
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and background (scattered photons from solvent and substrates)
have the same wavelength, an optical filter is not applicable.
Because the Rayleigh scattering cross-section drops with decreas-
ing particle diameter to the power of six, the SBR in DFM is often
worse than that in FLM for smaller nanomaterials. In addition,
the elastic scattering spectrum lacks the characteristic peaks
that are associated with the chemical identity of dielectric
nanomaterials.

DFM was not widely utilized for imaging single nanoparticles
until 2000 when the scattering spectrum of single 80 nm silver
nanoparticles was acquired with a common DFM coupled with a
spectrometer.3 This demonstrated the value of using plasmonic
nanoparticles as nanoprobes for sensing and imaging due to the
localized surface plasmon resonance (LSPR) effect. The LSPR
effect not only enhances the scattering cross-section of nano-
particle to achieve a good SBR, but also enables versatile
mechanisms for applications based on characteristic plasmonic
bands.71 Conventional DFM is suitable for imaging plasmonic
nanoparticles larger than 30 nm in routine experiments.
The literature also demonstrates the direct imaging of gold
nanoparticle as small as 10 nm with innovative optical con-
figurations.72 In addition to metallic nanomaterials, doping
semiconductor nanomaterials with charged impurities is able
to greatly improve the carrier density and shift their LSPR
bands towards a shorter wavelength for DFM observations.73

More importantly, the scattering spectrum is very sensitive to
the morphology and electron density of the nanoparticle itself
(internal factor), and the refractive index of the surface adsor-
bates and surrounding medium (external factor). Such a spectral
dependence together with excellent photostability are the major
strengths of DFM compared with FLM, allowing for versatile
mechanisms for plasmonic probes to sense local chemical
information and to report it using the spectral shift.74 Based
on the spectral dependence on the size and morphology, the
growth75,76 and etching77,78 kinetics of single nanoparticles can

be resolved. Electrochemical79,80 and chemical81,82 charging are
also found to induce a spectral shift although the size and
morphology do not change, because the dielectric constant of a
plasmonic nanomaterial is a function of its electron density.
In addition to these internal factors, the sensitive dependence of
the LSPR band on the molecular recognition events occurring
on single plasmonic nanoparticles can be utilized to develop
nanosensors.71

Because spectral information plays a critical role in applica-
tions, major instrumentation efforts are made to improve the
performance of acquiring the scattering spectrum. The simplest
approach is to use a commercial color camera to directly capture
the scattering light from the objective (top panel in Fig. 3b). The
spectral shift can be roughly estimated by analyzing the RGB
channels of the color image.83–86 For example, when the scatter-
ing band shifts from green to red, one can simultaneously detect
decreased intensity in the G channel and increased intensity
in the R channel. Although a color camera is convenient, it has
limited spectral resolution and sensitivity. A grating-based
spectrometer coupled with a monochromatic camera is one of
the most popular configurations (middle panel in Fig. 3b). A slit
is placed at the image plane to select a columnar region-of-
interest (ROI), which contains at least one nanoparticle. The slit
selectively allows the light inside the ROI to enter into the
spectrometer. Dispersed light is subsequently collected by the
camera to form a gray-scaled image, in which the horizontal
axis represents the wavelength and the vertical axis represents
the spatial coordinate along the slit. The spectrum of the single
nanoparticle is retrieved by plotting the intensity profile along the
wavelength dimension at the position of this nanoparticle. The
major drawback of this approach is the throughput. Multiple
nanoparticles must be located in the same columnar ROI in order
to collect their spectra simultaneously. A diffraction grating with
reduced groove density allows for the simultaneous capture of the
zeroth-order and 1st-order streaks of multiple nanoparticles.87,88

The reduced spectral resolution results in an increased through-
put. Optimized spectral resolution and throughput can be further
achieved with a hyper-spectral camera (bottom panel in Fig. 3b),
which utilizes electro-optical devices (such as liquid-crystal and
acousto-optic tunable filters) to allow the passage of light based
on its wavelength.89–92 By scanning the voltage of the electro-
optical device (equivalent to a wavelength scan) and correlating
the wavelength with the camera response, a series of time-lapsed
DFM images provide comprehensive spectra of all nanoparticles
in the image. In this case, improved throughput is compromised
by the limited spectral resolution (electro-optical devices) and
the reduced temporal resolution due to voltage (wavelength)
scanning.

For those applications that require very high temporal
resolution, monochromic DFM is an alternative choice.80,93,94

Such a design does not provide the original (static) spectrum.
Instead, it converts the spectral shift to an intensity change
by applying monochromatic light illumination. Therefore, it is
mostly suitable for studying dynamic systems with rapid kinetics.
Usually, the wavelength corresponding to the largest stiffness in
the original spectrum is selected to achieve the highest sensitivity.

Fig. 3 (a) Representative optical configuration of a conventional DFM.
(b) Spectral analysis is achieved by a color camera (top panel), the combi-
nation of a slit, a spectrometer and a monochromatic camera (middle panel),
or a hyperspectral camera (bottom panel).
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In addition to the spectrum acquiring unit, the light source and
illumination configuration can also be optimized to achieve a
better SBR. For instance, several recent reports have suggested
the adoption of a super-continuum white laser instead of the
commonly used halogen lamp, mercury lamp or xenon lamp.72,95–97

An evanescent wave was also utilized to illuminate the nano-
particles, leading to reduced background and polarized excita-
tion to resolve the orientation of anisotropic nanorods.97–101

Surface plasmon resonance microscopy (SPRM)

SPR is the resonant oscillation of conduction electrons occur-
ring at a planar metal–dielectric interface under particular light
excitation.102,103 Unlike the LSPR effect where the collective
oscillation of free electrons is often localized in a very confined
interfacial region (a few nanometers), the planar SPR effect
relies on the propagation of surface plasmon polaritons (SPPs)
along a planar interface by a much longer distance, ranging
from several microns to tens of microns. When looking at the
direction perpendicular to the interface, SPPs penetrate into the
dielectric layer with an exponentially decreased intensity as a
function of the increasing vertical distance. A typical penetration
depth (decay constant) is around 200 nm, which makes SPR very
sensitive to the dielectric constant of individual nanoparticles at
the interface.

It has been shown that LSPR can be easily excited by the
incident light in DFM as long as its wavelength matches the
plasmonic band of the nanostructures. However, SPPs can only
be excited by using p-polarized light under particularly-designed
optical configurations because SPPs place additional require-
ments on the matching of momentum in addition to energy.
The Kretschmann configuration (dielectric/metal/dielectric structure)
is one of the most commonly adopted optical systems in SPRM,
as shown in Fig. 4a. The SPRM is built on an inverted micro-
scope with total-internal reflection illumination in order to
achieve light parallel to the metal–dielectric interface.6,104,105

When the incident angle, thickness of the gold film and refrac-
tive index of the surrounding medium match each other, SPPs
are generated and they propagate along the interface before
entering the camera through the same objective due to total-
internal reflection. There are three major differences in the
optical configuration when comparing SPRM with TIRFM. First,
a gold-coated coverslip is used instead of a glass coverslip. This
is the core element for generating SPPs. Second, reflected light
with the same wavelength as the incident light is collected by the
camera, leading to the absence of optical filters or dichromic
mirror. Third, p-polarized light is required to excite the SPPs. As
the SPPs penetrate into the solution by B200 nm, the presence
of nanoparticles on the gold film disturbs the SPPs and alters
the distribution of the local reflectivity in the SPRM image. In
addition to the objective-based SPRM, a prism-based Kretschmann
configuration is also capable of imaging single nano-objects with a
compromised spatial resolution due to the optical distortion effect
associated with the prism.106–110

Because the image contrast of a single nanoparticle is depen-
dent on its dielectric constant, a physical property that applies to
any material, SPRM is thus suitable for studying all kinds of

nanomaterials, including metal,108,111,112 semiconductor,17,105,113

metal oxide,114 and organic polymer nanoparticles,115–117 as well
as biological nanoparticles, such as bacteria,118–120 vesicles121,122

and viruses.6,123 SPRM intensity scales down at the third order of
decreasing diameter.105,112 Therefore, it is more sensitive for
detecting small nanoparticles than DFM, whose signal scales
down at the sixth order of size. For example, individual 20 nm
gold nanoparticles can be routinely imaged by SPRM with good
SBR.105,124 More importantly, SPRM allows for the visualization of
soft nanomaterials, such as viruses,6 protein nanoparticles123 and
nanobubbles,17 without the need for labeling.

SPRM exhibits a quite special PSF. The bottom panel in
Fig. 4b shows an SPRM image of four LiCoO2 nanoplates whose
scanning electron microscopy images are displayed in the middle
panel. The excellent co-localization shown in the merged image
(top panel) demonstrates that a single nanoparticle produces
a wave-like pattern with parabolic tails regardless of its size
and morphology. Existing studies have confirmed that a similar
pattern was also observed for various types of nanomaterials
with different chemical compositions.6,17,105,111,112,114,115,123,125

Therefore, it can be concluded that such a wave-like pattern
represents the PSF of SPRM. Both theoretical121,126,127 and
experimental128–130 investigations suggested that the as-obtained
PSF is due to the interference between the reflected incident
light and the scattered surface plasmon polaritons by the
nano-objects.

Mechanisms for applications rely on the sensitive depen-
dence of SPRM intensity on the dielectric constant and size of
the nanoparticle, as well as the vertical distance between the
nanoparticle and the gold film. This principle is somewhat
similar to the antenna mechanism which is adopted in DFM for
studying hybrid plasmonic–dielectric nanomaterials. The gold
film and the corresponding SPPs act as an antenna to detect

Fig. 4 (a) Representative optical configuration of an objective-based
SPRM. (b) Each individual nanoparticle shows an identical PSF in the SPRM
image, regardless of its size and morphology. Scale bars in the four inset SEM
images: 400 nm. (b is reprinted with permission from ref. 114. Copyright 2017,
American Chemical Society.)
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chemical events that alter the dielectric constant of the nano-
particles. Molecular interactions occurring on the nano-
particle,116,120 volume shrinkage of the nanoparticle,112 and
altered chemical composition of the nanoparticle due to sub-
stance uptake125 and reactions113,114 have all been demonstrated
to affect its optical signal. The refractive index of the surrounding
medium also matters. Photocatalyzed17 and electro-catalyzed111

hydrogen evolution reactions generated H2 molecules, leading
to a decreased local dielectric constant. The correspondingly
reduced optical signal thus allows for interrogation of the catalytic
activity of single CdS and Pt nanoparticles, respectively. Thermal
dissipation of a single gold nanorod after heating by an excitation
beam reduced the refractive index of the local solvent, which
was used to quantify its photo-thermal efficiency.131 In addition
to the dielectric constant, the SPRM intensity of the nano-
particle is also affected by the nanoparticle–substrate distance
due to the near-field feature of SPPs. An oscillator strategy was
proposed to determine the surface charge of single nanoparticles
by measuring the vertical movement of a charged nanoparticle
under a modulated driving electric field.132,133

The gold film in the SPRM naturally facilitates its applica-
tions in electrochemistry by playing two roles simultaneously.
It not only acts as the optical interface to excite SPPs, but also
as the electrode to trigger electrochemical reactions. The over-
lapping of diffusion layer (Bmicrons) and penetration depth of
SPPs (sub-microns) make SPRM a sensitive detection technique
by taking full advantage of the near-field feature of SPPs and
the near-surface feature of electrochemistry. The SPRM signal
is also affected by internal (electron density in gold film) and
external factors (the nanoparticle itself, surface adsorbates and
the surrounding medium). Such dependence allows SPRM to
detect both Faradaic electrochemical reactions134 and non-
Faradaic charging current.135 In a Faradaic reaction, reactants
in the bulk solution receive electrons (or lose electrons) to be
reduced (or oxidized) to product molecules, leading to a different
refractive index of the local solution or the nanoparticle itself.136

In a non-Faradaic charging process, increased or decreased
electron density alters the dielectric constant of the gold film.137

By applying appropriate optical-to-electrochemical conversion
models, one can achieve high-resolution electrochemical imaging
without the need for recording current.134,135

Raman microscopy

A Raman microscope measures the inelastic scattering spectrum
of monochromatic illumination by substances due to their
vibrational and rotational modes. The Raman signal is usually
several orders of magnitude lower than that of Rayleigh scattering
due to the extremely small Raman scattering cross-section. As a
result, direct measurements of the spontaneous Raman spectrum
of individual objects have been only possible for micron-
sized objects, such as inorganic microspheres138 and biological
samples.139 However, the presence of nanoscale hot spots is
able to dramatically enhance the Raman signal by 6–10 orders
of magnitude due to both electromagnetic and chemical
enhancement mechanisms, allowing for the imaging of single
nanoparticles and even single molecules.4,140–144

Fig. 5 illustrates an upright laser-scanning confocal configu-
ration that is often adopted in Raman microscopes as it is more
compatible with a non-transparent substrate. The excitation beam
is collimated and focused at the sample via a confocal design
because it provides sufficient excitation density to improve the
SBR. Inelastic scattering photons are collected with the same
objective, which subsequently go through a dichroic mirror and
notch filter to remove the elastic scattering background. A spectro-
meter is utilized to obtain the Raman spectrum of this particular
point in the sample plane. X–Y scanning of the sample stage or
the excitation beam thus delivers a Raman image containing
spectroscopic information about each location (pixel).

Three of the most important features of surface enhanced
Raman spectroscopy (SERS) imaging are hot spots, single
molecule sensitivity and chemical identity. Hot spots are nano-
scale regions with sharp geometries (such as edges, curvatures,
gaps and junctions) that exhibit dramatically enhanced local
electromagnetic fields. They play essential roles in enabling the
SERS detection of single molecules because the Raman signal
scales as the fourth power of the magnitude of the local
electromagnetic field.145 The existence and distribution of hot
spots in a surface can be indirectly visualized by mapping the
localization of single-molecule SERS bursts,12,146 which are
further correlated with the geometrical structure.147 For example,
the deposition of a metal film on a closely-packed monolayer of
nano-spheres resulted in periodic hot spots that are spatially
correlated with the inter-particle gaps.148 A core–shell structure
is also introduced to probe the Raman spectrum of the shell
nanomaterials or the substrate by taking the plasmonic core as
the nano-antenna.149 Although plasmonic nanostructures are
deeply involved in both DFM and SERS, there is a major
difference between them. While an isolated spherical metal
nanoparticle itself is able to produce sufficient SBR in DFM,
plasmonic coupling between two plasmonic elements is often
required to create hot spots for SERS imaging. These include
inter-particle gaps in dimer and oligomer aggregates of plasmo-
nic nanoparticles, edges and curvatures within a single nano-
particle, nanogaps between a plasmonic nanoparticle or near-field
tip and substrate. Because the sizes of these hot spots are com-
patible with those of molecules, SERS is particularly suitable
for boosting the Raman signals of single molecules that are
either surface-bound or freely diffusing into and out of these

Fig. 5 Representative optical configuration of an upright Raman microscope.
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hot spots.150 Elaborate efforts have also been made to place
nanomaterials such as single-walled carbon nanotube inside
the nanogap,151 so that the chemical processes occurring on
these nanomaterials can be studied.152 An alternative method is
to deposit a thin-layer of non-plasmonic nanomaterials between
a plasmonic nanoparticle and a metallic mirror.153

The single molecule sensitivity of SERS was first demon-
strated on isolated silver nanorods4 and aggregates of silver
nanoparticles.140 Because SERS is able to provide the chemical
identity of individual molecules, it is most powerful for inter-
rogating single-molecule reactions by monitoring the dis-
appearance of characteristic Raman peaks in reactants as well
as the appearance of new peaks associated with products.30

However, altered vibration modes are often observed in single-
molecule SERS experiments when compared with bulk measure-
ments. Possible mechanisms include the preferred molecular
orientation in confined spaces154 and the altered electromag-
netic field, as well as charge transfer processes.155 For example,
an intense electromagnetic field in a plasmonic nanogap was
found to break the selection rule, leading to the appearance of a
Raman peak that was associated with a theoretically forbidden
electronic transition.151 Although obvious spectral and intensity
intermittency was also observed for SERS signals from single
molecules,156–161 they follow quite different mechanisms from
FL photoblinking. Because the SERS spectrum and intensity are
extremely sensitive to the local electromagnetic and chemical
environments, thermal diffusion and rotation would cause sto-
chastic changes in the localization, orientation and reactivity of a
single molecule when it is in close vicinity to a hot spot.

Photothermal microscopy (PTM)

When a substance in an excited state returns to the ground
state, it releases the absorbed energy through either non-
radiative thermal relaxation (dissipation of heat) or radiative
relaxation (emission of photons). For broad types of nano-
materials, thermal relaxation is the dominant pathway, leading
to an increased local temperature via heat dissipation from the
nanoparticle to the surrounding medium. PTM is one kind of
optical microscopy that maps the photo-thermal efficiency of
single nanoparticles by measuring the local temperature with
optical approaches.5,162 Compared with FLM and DFM that
require the object to be fluorescent and plasmonic, respectively,
PTM has greatly expanded the applicability for imaging broader
types of light-absorbing nanomaterials, such as semiconductor
nanocrystals163,164 and carbon nanotubes,165–167 in addition to
plasmonic nanoparticles.5,168,169 The improved SBR has further
enabled the imaging of single organic chromophores at room
temperature.170

Fig. 6a illustrates the representative optical configuration of
PTM. Two beams, a heating beam and a probe beam, are often
used in a PTM apparatus. The wavelength of the heating beam
is located at the maximal absorption band to efficiently excite
the nanoparticle and to increase the local temperature. The
probe beam, however, is usually off the absorption band in
order to detect the tiny temperature increase optically without
disturbing the nano-object. It is the local refractive index that

connects the photothermal process and the optical readout,
because a decreased refractive index always accompanies thermal
dissipation. High-frequency modulation and optical interference
are two essential components for achieving a sufficient SBR.162

In a typical PTM, the heating beam intensity is modulated at a
rather high frequency (i.e., 1 MHz), resulting in a modulated local
refractive index profile. As a result, the signal of the probe beam
is accordingly modulated at the same frequency, which is
detected with a lock-in amplifier. Note that one should not
confuse PTM with the other photothermal imaging techniques
that map the temperature distribution of macroscopic living
samples (such as tissues and animals) by directly measuring the
infrared radiation with an infrared camera. PTM does not map
the distribution of temperature. Instead, it maps the distribu-
tion of photo-thermal conversion efficiency.

A representative PTM image of a mixture of gold nano-
particles and polystyrene nanoparticles is shown in Fig. 6b.
The bright field image (left panel, differential interference con-
trast mode) confirms the existence of both 300 nm polystyrene
(green arrows) and 80 nm gold (red arrows) nanoparticles. When
the surface was heated with a modulated 532 nm laser beam,
optical intensity fluctuations were only detected at the locations
of gold nanoparticles, due to the effective photo-thermal con-
version (middle panel). When the heating beam intensity was
increased, 10 nm gold nanoparticles with a much smaller
absorption cross-section were also detected (right panel). Poly-
styrene nanoparticles remain invisible in the enhanced PTM
images, demonstrating the excellent capability of PTM to distin-
guish nano-objects based on their absorption cross-sections rather
than their sizes (Table 1).

Fig. 6 (a) Representative optical configuration of a PTM. LIA: lock-in
amplifier; AOM: acousto-optic modulator. (b) Bright field, photothermal and
enhanced photothermal images of 300 nm polystyrene latex (green arrows),
80 nm gold nanoparticles (red arrows) and 10 nm gold nanoparticles (small
dots in the enhanced image) ((b) is reprinted with permission from ref. 5.
Copyright 2002, AAAS.)
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Other optical imaging techniques

A couple of monochromatic interference microscopes, differen-
tial interference contrast (DIC) microscope and interferometric
scattering microscopy (iSCAT), have also been developed to
image individual plasmonic and dielectric nanomaterials,
respectively. DIC is a classical optical microscope that is able
to enhance the contrast of tiny objects by introducing inter-
ference between two mutually orthogonally polarized beams.
Two Nomarski prisms are included in the optical path to
separate and combine these two beams before and after they
interact with the sample, respectively. As the incident beam is
polarized, the relative orientation between the beam and an
anisotropic nanorod influences its optical pattern in the image
plane. Based on this dependence, Fang’s group developed a
single particle orientation and rotational tracking (SPORT) tech-
nique to interrogate the rotational diffusion of single anisotropic
plasmonic nanorods.171,172 The introduction of a series of band-
pass filters reveals the wavelength-dependent DIC contrast of
single plasmonic nanoparticles,173 allowing for the study of the
plasmon resonance energy transfer between nanoparticles and
their surface adsorbates.174

In contrast to many techniques that are dedicated to redu-
cing the background, iSCAT creates a stable background by
introducing the interference between two coherent light beams
that are separated with a 50/50 beam splitter. The utilization of
a high-frequency acousto-optic deflector enables rapid and
periodical beam scanning over a surface within one camera
exposure time, leading to a pseudo wide-field image that is free
of interference fringes and is capable of lock-in filtering.175 Any
change in the dielectric environment on the substrate caused

by nanoparticle adsorption would be detected by subtracting
the temporal background, which is the image just before the
nanoparticle adsorption. A state-of-the-art iSCAT setup has
demonstrated its capability of detecting and tracking single
virus particles,176 single quantum dots in the dark-state177 as
well as single protein molecules178–181 without the need for FL
labeling or plasmonic enhancement.

Nanosensing

Owing to their rich optical, magnetic, electrical and chemical
properties, versatile nanomaterials have attracted intensive
attention for the development of chemical and bio-sensors.
When continuously capturing the optical images of single nano-
particles upon binding of analytes, each nanoparticle acts as a
nano-sensor to report the molecular recognitions and inter-
actions occurring on its surface. These nanosensors possess
several unique advantages over bulk sensors composed of
ensemble nanomaterials. First, the spectral linewidth of single
nanoparticles is systematically narrower than that of the
ensemble,182 leading to improved sensitivity because it is easier
to quantify the shift of a spectrum with a narrower linewidth.
Second, because each nanosensor reports the qualitative and
quantitative information about the analytes in an extremely
confined local region, they are suitable for acting as nanoprobes
to report the spatial distribution of chemical species87 and
physical properties183 in microscopic and heterogeneous
samples such as living cells.184–188 On the other hand, each
nanosensor exhibits significantly varying sensitivity and speci-
ficity due to their structural heterogeneity. Optical imaging

Table 1 Comparisons between the five types of optical imaging techniques

TIRFM DFM Raman SPRM PTM

Principle Fluorescence &
evanescent wave

Rayleigh scattering &
localized SPR effect

Raman scattering &
localized SPR effect

Planar SPR effect & surface
plasmon polaritons

Absorption of light &
photothermal effect

Mechanisms
for
applications

(1) Intensity
(enhancement,
quenching)

(1) Spectral shift (as a
result of chemical
event)

(1) Spectrum (as a
result of chemical
event)

(1) Image contrast (as a func-
tion of size, dielectric constant
and vertical distance)

(1) Photothermal
conversion efficiency

(2) Spectrum (aniso-
tropy, lifetime, FRET)

(2) Plasmonic ruler (2) SERS & TERS (2) Gold film as working
electrode

(3) Super-localization (3) Nano-antenna

Most impor-
tant features

(1) Intermittency
(FL photoblinking)

(1) Colorful (1) Chemical identity (1) Suitable for all kinds of
nanomaterials

(1) Absorption spectrum
of single nanoparticles

(2) Sufficient S/B for
single-molecule
imaging

(2) Rayleigh scattering
spectrum of single NPs

(2) Hot spots (2) Very special PSF (2) Single molecule
sensitivity

(3) Single molecule
reactions

(3) Gold-coated coverslip

Applicability Fluorescent nano-
materials (QDs,
polymer, metal
clusters,
up-conversion)

Plasmonic nanomater-
ials (gold, silver and
hybrid nanomaterials)

Plasmonic nanomater-
ials (gold, silver and
hybrid nanomaterials)

All kinds of nanomaterials
(metal, oxide, semiconductor,
polymer, soft nanomaterials)

Light-absorbing nano-
materials (plasmonic,
carbon, semiconductor)

Light source Single wavelength White light Single wavelength Single wavelength Single wavelength
Detector Monochromatic

camera
Spectrometer + camera Spectrometer + camera Monochromatic camera Single-point photo-

detector
Major appli-
cation fields

Nanoprobes for
imaging, sensing
and tracking;
nanocatalysis

Nanoprobes for
imaging, sensing and
tracking; nanocatalysis

Single-molecule
chemistry

Nanoelectrochemistry;
nanocatalysis

Nanoprobes for
imaging, sensing
and tracking
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represents a high-throughput approach for exploring the struc-
tural dependence of analytical performances, with implications
for the rational design and optimization of nanomaterials in
bulk sensors.189,190

Mechanisms for signal transduction

Among several mechanisms for converting molecular binding
events to detectable optical signals, the spectral shift of a single
plasmonic nanosensor under DFM or PTM is one of the most
powerful approaches.71,188,191–193 Because the plasmonic band
is sensitive to the dielectric constant of the surrounding
medium (particularly that of surface adsorbates), the adsorption
of analytes onto the nanoparticle surface,3,194 or even a confor-
mational change in the surface-bound molecules,195 could
change its optical property. In order to improve the selectivity,
the nanoparticle was often functionalized with designed reco-
gnition molecules to enable specific interactions.196 When the
absorption spectrum of surface-bound molecules matched the
scattering spectrum of the plasmonic nanosensor, quenching
dips appeared in the observed scattering spectrum due to
plasmon resonance electron transfer.197 Signal-off198 and signal-
on199,200 types of sensing mechanisms have been proposed by
regulating the quenching efficiency between surface molecules
and the plasmonic core. Similarly, the near-infrared fluorescence
of single-walled carbon nanotubes has also been employed to
develop single nanoparticle optical sensors.44 Analyte binding
altered the electronic structure of the nanotubes and led to a
shift in the FL emission band or intensity change.187 In addition
to surface-bound molecules, auto-correlation analysis on the
temporal fluctuation of the scattering intensity was used to
determine the diffusion coefficient of the analytes even though
they did not bind to the nanosensor, as they interfered with the
plasmonic band when they simply diffused across it.97

An antenna strategy has become a popular way of studying
hybrid nanomaterials consisting of plasmonic and non-plasmonic
components by separating molecular recognition and signal
transduction. The non-plasmonic component enables the mole-
cular recognition of chemical reactions to induce a change in
dielectric constant. The presence of an adjacent plasmonic
component subsequently converts such a change to a spectral
shift. For instance, hydrogen adsorption reduces the dielectric
constant of a nano-sized Pd disk, leading to a red-shift of
the scattering spectrum of an adjacent triangle-shaped gold
nanoparticle.201

In order to further amplify the spectral shift upon analyte
binding, a couple of strategies have been developed: etching/
precipitation78,85,202,203 and a plasmonic ruler.204,205 In the
former case, the presence of analytes induces a morphological
and compositional change in the plasmonic sensor, which is often
accompanied by a rather large spectral shift up to 100 nm.202

For example, it was proposed that the self-catalytic growth of a
plasmonic nanoparticle would amplify the spectral shift as the
scattering intensity increased by the sixth power of its size.206

In the latter case, the plasmonic coupling effect between a pair
of metallic nanoparticles is extremely sensitive to the inter-
particle distance, allowing for the reporting of a sub-nanometer

change in the inter-particle distance induced by biomolecule
interactions204 or click-chemistry reactions.207 Click chemistry
refers to a powerful Cu(I)-catalyzed cycloaddition reaction that
conjugates an azide group and an alkyne group to form a
5-membered heteroatom ring. Long and co-workers function-
alized 60 nm and 14 nm Au nanoparticles with azide and alkyne
groups, respectively (Fig. 7a). The presence of Cu(I) was found to
trigger click-chemistry reactions and recruit 14 nm Au nano-
particles at the surface of pre-immobilized 60 nm Au nano-
particles, leading to an obvious color change from green to
orange under DFM as well as a large red-shift in the plasmonic
band (Fig. 7b).207 Such a system allowed for the detection of
copper ions with excellent selectivity and sensitivity. In contrast
to many single-nanoparticle sensing studies that relied on non-
covalent molecular recognition, this work suggested the advan-
tage of covalent interactions in developing highly specific
nanosensors. The combination of DNA nanotechnology with a
plasmonic ruler is an interesting approach.208,209 With the aid
of precisely tailored DNA origami, the inter-particle distance
can be designed and regulated in the presence of analytes.208

A special form of plasmonic ruler modulates the vertical distance
between a nanoparticle and a plasmonic substrate. When apply-
ing a periodically modulated driving potential to the substrate,
charged nanoparticles accordingly oscillated along the vertical
direction, which was accompanied by modulated optical inten-
sity due to the periodic plasmonic coupling. It was proposed
that such nano-oscillators could determine the surface charge
of an individual nanoparticle,133 which was further utilized to
measure the phosphorylation kinetics of a surface-bound pep-
tide in the presence of kinase.132

Towards single-molecule detection and imaging

Single-molecule detection has been achieved in many optical
imaging techniques with different approaches.8 In one scenario,
optical signals from the single molecule itself are strong enough
to be directly imaged with a sufficient SBR. These techniques
include FLM, PTM and iSCAT. While single-molecule FL imaging
has been well established and accepted, other techniques are
still on their way towards routine applications. Sophisticated
optimizations of the experimental conditions, including types of

Fig. 7 (a) Two kinds of Au nanoparticles are functionalized with azide
and alkyne groups, respectively. The presence of Cu(I) triggers the click-
chemistry reactions and conjugates these nanoparticles. (b) The reaction
process results in a color change from green to orange under DFM, which
is accompanied by a shift in the plasmonic band (reprinted with permis-
sion from ref. 207. Copyright 2013, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim).
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media and chromophores, substrate as well as light source, are
required in PTM.170,210 SPRM and iSCAT are able to image bio-
logical molecules with rather large molecular weights.178,211,212

In the other scenario, the detection of single molecules was
achieved with the help of signal amplification elements such
as hot spots. They include SERS, DFM and PTM. A hot spot
exhibits extraordinary sensitivity to the attachment of a mole-
cule in its center by enhancing the FL and Raman signal of the
molecule. On the other hand, light–molecule interactions also
influence the plasmonic scattering of the hot spot itself.213 This
tiny effect can be detected by measuring the spectral shift in
DFM,95 or by monitoring the change in extinction coefficient at
a fixed wavelength with PTM.214 In a recent study, this concept
has been pushed to a single atomic ion interaction with a
plasmonic nanorod via a whispering gallery mode sensor.215

Nanoelectrochemistry

Versatile types of nanomaterials have been widely used in
broad electrochemistry fields, including batteries and fuel cells,
electrocatalysis, electro-deposition and electrochemical sensing.
In order to evaluate the electrochemical activity of single nano-
particles, one has to determine the electron transfer rate occur-
ring at single nanoparticles as a function of electrode potential
or time. Despite the great efforts towards single-nanoparticle
electrochemistry,178,216,217 this task remains quite challenging
because the conventional recording of an electrode current
lacks spatial resolution. As an alternative and complementary
approach, optical microscopy has been emerging rapidly in the
past decade to study the electrochemical activity of single
nanoparticles. Instead of measuring the electrode current elec-
trically, optical microscopy determines the local electron trans-
fer rate through pure optical signals.216 FLM,217–219 DFM79,220

and SPRM134–136,221 are among the earliest microscopes for
acquiring local electrochemical information optically. To satisfy
both optical and electrochemical requirements, transparent
conducting substrates such as indium tin oxide (ITO) and
fluorine-doped tin oxide are often needed for inverted micro-
scopes, such as FLM, DFM and PTM. For SPRM and SERS,
a gold-coated coverslip is naturally applicable. Other options
include a semi-transparent copper grid (for transmission elec-
tron microscopy characterizations) and glass modified with a
thin layer of conducting polymer or graphene.

Optical voltammetry of single nanoparticles

Voltammetry is a powerful electrochemical technique to deter-
mine reaction kinetics and mechanisms by measuring the
electron transfer rate as a function of potential. Several studies
have demonstrated how optical microscopy can resolve the
optical voltammetry of single nanoparticles in direct electro-
chemistry. As shown in Fig. 8, it was found that the extraction
of Li+ ions from LiCoO2 nanoparticles generated a de-lithiated
oxidation product, Li1�xCoO2, which exhibited a linearly decreasing
dielectric constant with a decreasing amount of lithium, accom-
panied by decreasing optical intensity in SPRM (Fig. 8a).114

As a result, the time derivative of the SPRM curve provided the
insertion or extraction rate of Li+ ions, which was equivalent
to the electron transfer rate (Fig. 8b). Therefore, the optical
voltammetry of single nanoparticles can be calculated from
time-lapsed SPRM images. Such an optical-to-electrochemical
conversion model was experimentally validated in a subsequent
study by simultaneously recording the optical and electro-
chemical signals during the collision of single LiCoO2 nano-
particles.222 Similarly, the optical voltammetry of a single gold
nanowire was also determined by calculating the time derivative
of its optical signals during redox cycling, owing to the different
dielectric constants between oxidized and reduced gold nano-
wire.223 Prussian blue is a well-known type of electrochromic
material whose absorption property (the imaginary part of the
refractive index) can be modulated via electrochemical reactions.
Accordingly, the optical voltammetry of a single Prussian blue
nanoparticle was resolved from the time derivative of optical
signals during cycling.224 This conversion model is also applic-
able for obtaining the optical voltammetry of single nano-sized
droplets containing the electroactive dye, Nile Red, under FLM.225

The reduction of fluorescent Nile Red molecules formed a non-
fluorescent product, leading to decreased fluorescent intensity,
which was recovered in the oxidation process.

In addition to the dielectric constant, the dependence of
optical intensity on the size of nanoparticles has also been
introduced to monitor the deposition and dissolution processes
of metal nanoparticles. Pan et al. monitored the growth process
of individual silver nanoparticles with DFM when triggering
electro-deposition under a sweeping potential.75 Significantly
increased scattering signals were recorded as a result of the
increasing size of the silver nanoparticles. By establishing a
calibration curve between the scattering intensity (under mono-
chromatic illumination) and size, they were able to calculate the

Fig. 8 (a) Electrochemical de-lithiation and lithiation of a single LiCoO2

nanoparticle is accompanied by a decrease and recovery in its optical
intensity. (b) The time derivative of the optical curve allows for determina-
tion of the cyclic voltammogram of single LiCoO2 nanoparticles, which is
well consistent with the conventional cyclic voltammogram obtained from
bulk measurement (reprinted with permission from ref. 114. Copyright
2017, American Chemical Society).
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reaction current of single nanoparticles. Spectral evolution
offered additional information regarding the growth and reaction
mechanism of metal nanoparticles, as demonstrated by Long and
coworkers.76 Three important parameters, the wavelength with
maximal scattering, scattering intensity and spectral line width,
were extracted from time-dependent single-nanoparticle spectra.
Monitoring the electrochemical deposition and stripping of
mercury onto single gold nanorods revealed critical steps in the
amalgamation.226 Combined FLM and DFM have been employed
to study the same potential-dependent deposition and dissolu-
tion processes of silver nanoparticles by monitoring the photo-
luminescence and plasmonic scattering signals, respectively.227

The reverse processes, i.e., the oxidative dissolution of pre-
immobilized silver and copper nanoparticles, have also been
investigated because the formation of dissoluble cations
reduced the size of the nanoparticles, leading to decreasing
optical signals.108,112 The results have shown that the oxidation
potentials of single nanoparticles are largely dependent on the
chemical composition and surface ligands. Single-nanoparticle
studies also revealed that a population of nanoparticles under-
went incomplete dissolution due to the formation of the passi-
vated metal-oxide layer, which was evident from the residual
optical signals after reactions.228

The electrochemical activity of freely diffusing nanoparticles
can also be studied by simultaneously monitoring the optical
images and electrochemical currents when they stochastically
collide on the electrode surface.184 In a typical single-nanoparticle
collision study, an appropriate potential was applied to an inert
ultramicroelectrode to achieve a relatively low background
current. The collision of electroactive nanoparticles onto the
electrode triggered transient and local electron transfers, leading
to a current spike that reflected the electrochemical activity of
the individual nanoparticle. The combination of optical micro-
scopy and single-nanoparticle collision helps clarify several
technical concerns. First, optical microscopy provides direct
evidence confirming that the current spike is indeed due to the
collision of a single nanoparticle, by watching the collision
events optically. This is important because it could be difficult
to determine whether a large (or wide) current spike is due to a
single nanoparticle with outstanding activity, or the simulta-
neous collision of multiple nanoparticles.112 Second, optical
imaging reveals additional information regarding the moment
and location of a collision, as well as the subsequent vibration
and migration of nanoparticles.229 For example, Kanoufi et al.
reported that the current spike sometimes appeared a few
milliseconds before a single Ag nanoparticle began to shrink
in size, suggesting that the electron transfer and the formation
of dissoluble silver ions were not completely synchronized
processes.230 More importantly, the collision strategy validates
the optical-to-electrochemical conversion model by quantitatively
comparing the optical and electrochemical currents.222,231

The conversion model is more complicated in electrocata-
lysis when considering the rapid diffusion of both reactant and
product molecules. In a milestone study, Tao and co-workers
established a quantitative model by taking the species diffusion
into consideration, leading to a semi-derivative relationship

between the optical signal (the local concentration of reactant/
products) and the electrode current.136 This relationship was
utilized to calculate the hydrogen generation rate of a single
Pt nanoparticle during the electrocatalyzed hydrogen evolution
reactions.111 Species diffusion not only complicated the optical-
to-electrochemical conversion model, it also greatly reduced
the effective optical signals, due to the decreased local concen-
tration. Therefore, indirect approaches were proposed to facili-
tate electrocatalysis studies by focusing on electro-active
species that were bound on the nanoparticles232 or by forming
a new phase at the nanocatalyst surface, such as a gas bubble233

or deposition.234 The electrochemiluminescence reaction of a
ruthenium complex235–237 catalyzed by gold nanoparticles was
also suggested for imaging electrocatalysis without the need for
a light source. Spontaneous light emission from ECL reactions
surrounding a gold nanowire suggested its catalytic activity.
A surface layer of gel was required to minimize the diffusion of
emitting products in order to improve the SBR.235 In a recent
study, Xu and Chen designed an asymmetrical Au–Pt Janus
structure to reduce the oxidation and poisoning of a metal
nanoparticle by introducing local turbulence as a result of the
different reaction rates at the Au and Pt components, leading to
significantly enhanced stability and SBR in the ECL imaging of
single nanoparticles.237

Non-Faradaic charging

The dependence of nanomaterials’ optical properties on their
density of states has been utilized to study the non-Faradaic
charging process, with implications for developing super-
capacitor devices. For plasmonic nanoparticles, the extinction
band relies on the frequency of the resonant oscillation of free
electrons, which depends strongly on the number density of
electrons in a nanoparticle. Mulvaney et al. reported the rever-
sible spectral shift of a single gold nanorod when it underwent
electrochemical charging and discharging.79 A cathodic potential
of �1.4 V was found to induce a blue shift in the longitudinal
scattering band by 11 nm, which was attributed to the injection
of 85 000 electrons, according to an estimation based on the
free electron model of metals and the discrete dipole approxi-
mation method. The size and morphology did not change
before or after the electrochemical process. In addition to the
direct non-Faradaic charging, the literature has suggested other
methods for charging plasmonic nanoparticles, including
chemical reactions at the nanoparticle surface81,82 and electro-
chemical reactions of co-existing electroactive species.238 In
order to push the sensitivity towards quantized electron transfer,
an ion gel capacitor with enhanced double-layer capacitance was
introduced into a solid-state device to further improve the charge
density, as shown in Fig. 9.80 Furthermore, intensity detection at
an optimized single wavelength was proposed to replace the
spectral fitting, leading to improved temporal resolution and
sensitivity. A capability of detecting the injection of fewer than
110 electrons into a single gold nanorod was achieved in their
recent work.80

The comprehensive mechanism remains to be clarified when
interpreting the spectral shift during electrochemical charging,
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because the plasmonic feature is not only influenced by the
electron density but also by the surrounding dielectric environ-
ments, such as rearrangement of adsorbates and counter ions.
These processes are often reversibly concomitant with the
electrochemical charging and discharging cycles. The weak
adsorption of anion species to the gold nanorods,239,240 as well
as the dynamic formation of metal-halide241,242 and metal-oxide
complexes,223,242 was found to affect the plasmonic feature. The
dynamic concentration gradient of counter ions in the diffusion
layer also influenced the optical signal. Statistical analysis of
hundreds of individual nanoparticles revealed the co-existence
of multiple populations obeying different electrochemical tuning
mechanisms.243 The optical response of a gold nanorod can also
be electrically modulated by coating the nanorod with a thin-
shell of non-linear optical material.244 Polarization of the dielectric
constant distribution in the shell under an external electrical field
was able to rapidly and reversibly modulate the plasmonic band of
the gold nanorod.

Tao’s group took different approaches to determining the
non-Faradaic charging of metal nanowires245 and 2-dimensional
graphene.246,247 Electrochemical charging and the concomitant
anion adsorption reduced the surface stress of a gold nanowire,
leading to elongation along the axis. An optical edge tracking
method was developed to determine the tiny elongation, from
which the surface stress of the nanowire could be accessed.245 It
was further found that, when charging 2-dimensional graphene,
Pauli repulsion resulted in the edge expansion of a graphene
monolayer that was loosely attached at the substrate. A similar
edge tracking method allowed for determination of the mecha-
nical properties of the nanomaterials.247

Strengths and remaining challenges

The optical read-out of single-nanoparticle electrochemistry
shows a couple of promising strengths to improve the sensitivity
and throughput compared with conventional electrochemical
recordings. Optical voltammograms were able to detect current
peak down to sub-pA without the need for suppressing the
background current with an ultramicroelectrode.114 Owing to
the ultimate sensitivity of single-molecule detection, single-
molecule electrochemical reactions have been investigated
by monitoring the FL burst due to the production of a single
fluorescent product molecule248–251 or the appearance of a
characteristic SERS vibrational mode.232,252,253 As a matter of
fact, optical microscopy has been one of the major options for

studying single-molecule electrochemistry.29,254 In addition, the
spatial resolution of optical microscopy renders high throughput
to measure the electrochemical activity of tens to hundreds of
individual nanoparticles in a single measurement. The very same
individuals can be re-visited with other high-resolution structural
characterization techniques, such as electron microscopy, offering
an efficient way to bridge the structure and activity at single-
nanoparticle level.114,222,227

Existing studies have also raised important questions and
challenges. While the optical readout of direct electrochemistry
has been well developed, it is more difficult to determine the
electrocatalytic activity of a single nanocatalyst, due to its
smaller size and the diffusion of reaction species. The intro-
duction of a confined space has proven to be an effective way to
slow down the diffusion.235,250 An alternative option is to improve
the temporal resolution of optical recording so that the diffusion
length can be greatly reduced within a shorter exposure time.
Moreover, the requirement for the transparency of the electrode
for optical imaging excluded the majority of common electrode
materials. The deposition of a thin layer of ITO or metal onto
quartz glass is known to produce a rough and heterogeneous
surface, making it difficult to form a nanoparticle–electrode junc-
tion with good and controllable electrical contacts. Such variability
might introduce additional heterogeneity.

Nanocatalysis

Catalytic activity is probably one of the most attractive pro-
perties of nanomaterials. Numerous studies have demonstrated
the varied catalytic activity between and within individual nano-
particles, thus driving the development of single nanoparticle
catalysis over past decades.255 Very soon after the breakthrough
of single-entity FL imaging,1,2,13 Xie et al. studied the enzymatic
dynamics of single cholesterol oxidase molecules by monitor-
ing the fluctuating FL signal as a result of discrete enzymatic
turnover events.18 Emission was from the active center of this
enzyme, which was naturally fluorescent in its oxidized form.
The formation of a non-fluorescent intermediate reduced the
FL intensity, so that the enzymatic kinetics was resolved by
analyzing the FL intensity trajectory. Heterogeneous catalysis of
organic reactions at a micron-sized layered double hydroxide
crystal was then investigated with FLM by Hofkens and co-
workers.10 Facet-dependent catalysis was directly visualized by
watching the spatial distribution of fluorescent products. The
catalytic activity of single metal nanoparticles was subsequently
achieved on FLM19 and DFM.81 Since then, many different tech-
niques and methodologies have been proposed, which are
summarized below.

Single-molecule fluorogenic reactions

The single-molecule fluorogenic reaction is the most widely
adopted strategy to probe the catalytic activity of single nano-
particles. Since it has been well summarized in several reviews
elsewhere,255–259 here we focus on the basic concept and the
most recent results. Individual nanocatalysts are immobilized

Fig. 9 Non-Faradaic charging and discharging of a single gold nanorod
resulted in reversible changes in its scattering intensity. The presence of an
ion gel capacitor is able to dramatically enhance the signal (reprinted with
permission from ref. 80. Copyright 2016, American Chemical Society).
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on the substrate in the presence of a reactant and a solvent.
As the reactant molecules and nanocatalyst are not (or only
weakly) fluorescent, a rather low background is observed under
FLM. An optimized concentration of reactant is selected to allow
for single-molecule turnover events in which a pre-adsorbed
non-FL reactant molecule is converted to an FL product, leading
to an FL burst at the location of the nanocatalyst. Desorption of
products removes the FL signal and recovers the dark back-
ground for further reactions and observations. Counting the
frequency of FL bursts around one nanocatalyst allows for
quantitative evaluation of its catalytic activity.19 Furthermore,
when mapping the location of each FL burst with a super-
localization algorithm, one can study the intra-particle distri-
bution of catalytic activity at a spatial resolution of 40 nm.260

Further improvement in the spatial resolution requires an
enhanced SBR for each FL burst and the reduction of both
optical and mechanical noise. In a recent approach, the projec-
tion of the super-localization of FL bursts onto a spherical
hybrid nanocatalyst allowed for mapping of the 3-dimensional
distribution of active sites on its surface.261

This strategy has proven successful for clarifying nanoscopic
reaction kinetics and mechanisms,262,263 for exploring structure-
dependent activity,264–269 and for revealing temporal fluctuation
and spatial heterogeneity at single-nanoparticle and sub-
nanoparticle levels.259,270–272 For example, statistical analysis
on the duration times of a series of alternating dark (toff) and
bright (ton) states provided quantitative information on reaction
kinetics and pathways. It has been postulated that the former
(toff) is relevant to the formation rate of products and the latter
(ton) represents its dissociation rate.19 In a recent study, the
activation energies of these two sequential steps were deter-
mined by measuring the characteristic times as a function of
temperature.262 Moreover, mapping the sub-nanoparticle distri-
bution of catalytic activity revealed significant spatial hetero-
geneity. Further correlation with morphology provided a
convenient way of clarifying the dependence of activity on
several structural features, such as components,273 facets,265,274

defects,260,269 hetero-junctions270 and sizes.267,275 Further, auto-
correlation analysis of the FL trajectory reveals temporal fluctua-
tion in the catalytic activity, which has frequently been observed
in single-nanoparticle experiments at different time scales
ranging from seconds to hours. Possible mechanisms include
the spontaneous or reaction-induced re-arrangement of surface
atoms19,267 and intermittent interfacial electron transfer
rates,17,276 as well as the dynamic adsorption and desorption
of surface adsorbates (poisoning).271 Continuous recording
revealed the gradual loss of catalytic activity of an individual
Pd/C catalyst due to the electrochemical etching of small Pt
nanoparticles.272

In addition to mechanistic studies, the structure–activity
relationship revealed by single-molecule imaging is able to help
in the rational design of nanocatalysts, which is more important
for industrial catalysis. When mapping the location of active sites
with single-molecule fluorogenic reactions in transition-metal-
catalyzed polymerization277 and copper-nanocrystal-catalyzed
click chemistry,278 one could identify the true catalytic active

components, such as the surface of the nanoparticle or leaching
molecule in solution, which is vital for differentiating between
homogeneous and heterogeneous catalysis, with implications
for helping in the design and application at bench scale.279,280

Quantitative imaging and 3-dimensional localization of FL
bursts allowed for an evaluation of the effect of steaming post-
treatments on the catalytic activity of a single zeolite crystal.281

Recently, Chen et al. found the unexpected co-localization of
oxidative and reductive reaction centers and suggested that up-
regulating the active sites with lower original activity tended to
improve the overall catalytic activity more efficiently.11

While the fluorogenic reactions offer sufficient SBR to count
and to locate single-molecule turnover events, they have several
drawbacks. To date, only limited model reactions have been
developed to study oxidation and reduction reactions, as sum-
marized in a recent paper.258 For those chemical reactions that
do not involve FL-active compounds, FL tags can be introduced
to light up the reaction,277 although the labeling might alter the
nature of the chemical reactions. For example, two FL moieties
were linked to azide and alkyne molecules to act as donor and
receptor, respectively. A click reaction catalyzed by single copper
nanoparticles produced a conjugated structure, which was
detected via the Forster resonance energy transfer mechanism.278

More importantly, observations on the FL bursts require the
product to stay at the nanocatalyst surface for a time period
ranging from hundreds of milliseconds to tens of seconds, so
that the photo-detector can accumulate sufficient photons for
detection. Because the adsorption/desorption equilibrium is
highly dependent on the physical and chemical property of the
molecules, further studies are required to evaluate the possible
bias caused by the selection of the fluorogenic model reaction.
Fluorogenic reactions also affected the maximal turn-over rate of
the nanocatalyst, as the simultaneous appearance of multiple
bursts is not recommended in most studies. So far, an apparent
turn-over rate as small as 0.01–0.1 s�1 has typically been reported
in the existing literature. In addition, the FL intensity of single
molecules is known to be influenced by photo-blinking and
photo-bleaching, as well as by local enhancement and quenching
mechanisms.282 These effects are also spatially heterogeneous
and fluctuate temporally.

Raman reporter molecules

SERS and TERS microscopy283,284 have also been utilized to
study nanocatalysis, owing to their chemical identification and
single-molecule sensitivity. The basic concept is similar to that
of fluorogenic reactions. Individual or a few molecules are
adsorbed at a plasmonic hot spot, revealing the characteristic
Raman spectrum of this reactant. Chemical reactions convert
them to products, accompanied by the evolution of new peaks
in the local Raman spectra. Because SERS has a unique advan-
tage for chemical identification, analyzing the peak position
and the peak intensity, as well as the spatial super-localization
during the reaction, allows for the identification of the impor-
tant intermediates and for the interrogation of the catalytic
mechanism. However, the single-molecule sensitivity of SERS is
extremely dependent on the plasmonic amplification, which
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limits its applicability to broad types of non-plasmonic nano-
catalysts. Unlike DFM, simple combinations of plasmonic
elements with non-plasmonic nanocatalysts are usually not
sufficient to produce hot spots for SERS imaging. Because of
the technical difficulties of placing a nanocatalyst into a SERS
hot spot,151,152 current research focuses more on single-molecule
chemistry.30

Spontaneous fluctuations in the spectrum and intensity of
the single-molecule SERS signal is probably one of the most
practical obstacles for studying single-molecule chemistry.160

While chemometric algorithms have been proposed to separate
valuable reaction kinetics from spontaneous fluctuations based
on different time scales,285 well-defined hot spots and stable
metal–molecular–metal junctions are still preferred to reduce
these fluctuations. A particular example was to place isolated
metal nanoparticles over a flat metal film that was previously
functionalized with reactant molecules.286,287 Dimerization
of 4-nitrobenzenethiols to form 4,40-dimercaptoazobenzene
was continuously monitored at single-molecule and single-
nanoparticle level.286 For each hot spot, the decreasing Raman
peak intensity of the reactants was nicely consistent with the
increasing signal of the products. However, significant hetero-
geneity was observed in the reaction rate and yield between
different hot spots. A shift in the characteristic vibrational peak
in the initial stage of the reaction identified the formation of an
important radical intermediate.288 In an earlier study, there was
a reduction of the same compound in hot spots contributed
by single gold nanoparticle dimers. This uncovered an intra-
molecular dissociation reaction pathway, as the inter-molecular
distance was too large for classical dimerization.289 A series of
aromatic molecules are assembled in a molecular tunneling
junction consisting of a gold nanoparticle and a flat gold mirror.
The structure-dependent evolution of SERS spectra revealed the
different transport mechanisms of hot electrons.287 This work
proposed an optical approach to study molecular electronics.

As the plasmonic nanostructures are also electrically con-
ducting, it is suitable for studying electrocatalysis. Because the
oxidized form of Nile Blue A produced a much larger resonant
SERS signal than the reduced form, it acted as a reporter molecule
to probe the redox activity of nanoparticles.252 Super-localization
of the Raman emission centroid revealed a periodical and rever-
sible shift in the centroid trajectory during electrochemical cycles,
suggesting site-specific redox potentials within the aggregates of
silver nanoparticles.232 Correlating the reactive sites with the
aggregate morphology helped an understanding of the structural
basis of such heterogeneity.290 In order to take full advantage of
the different vibrational bands, dual wavelength excitations were
proposed to achieve the resonant SERS for reactant and product
molecules.291

Owing to the chemical activity of plasmon-induced hot
carriers,289 the SERS approach inevitably superposed the
plasmon-assisted catalysis of metallic nanostructures and their
intrinsic catalysis. The presence of an enhanced electro-
magnetic field not only excites the Raman spectrum for char-
acterization, but is also deeply involved in the optical, thermal
and chemical aspects of chemical reactions.287 Only those

molecules adjacent to a plasmonic hot spot provided sufficient
Raman signals for observation, blurring the difference between
optical hot spots and chemically active sites. In addition, an
intense laser is often required to effectively excite Raman
scattering, and thermal dissipation increased the local tempe-
rature and accelerated the chemical reactions.292

Gas-generating reactions

Many important catalytic reactions do not involve substances
with an FL property or plasmonic hot spots, such as hydrogen
evolution reactions (HER) and oxygen evolution reactions (OER).
Instead, these reactions naturally produce gases, which were utilized
to quantify the catalytic activity without the need for artificial model
reactions, according to several recent studies.17,111,233,293 Gas-
generating reactions are frequently encountered in many
catalytic processes, such as water-splitting, electrolysis, nano-
motors and artificial catalases. In order to avoid the rapid diffu-
sion of hydrogen molecules, a sophisticated CdS@Au core–shell
nanostructure was synthesized, in which hydrogen molecules
generated by the photocatalysis of CdS shell accumulated inside
the capsule and caused a red-shift in the plasmonic spectrum of
the Au core.293 Instead of introducing a capsule structure, the
quantification of hydrogen generation can be much simplified
by the formation of nano-sized gas bubbles in the catalytic
decomposition of formic acid by Pt/Ag nanoparticles233 and the
photocatalytic reduction of water by CdS nanoparticles.17 In
the former case, the formation of hydrogen bubbles altered the
plasmonic scattering of Pt/Ag nanoparticles under DFM (Fig. 10a).
In the latter case, the hydrogen nanobubble reduced the refractive
index of the local medium surrounding a CdS nanoparticle,
which was detected by SPRM (Fig. 10b). An in situ FL labeling
strategy was recently developed by the same group to light up
the nanobubbles under common and conventional FL micro-
scopes (Fig. 10c).294 In this work, H2 nanobubbles were generated
at the surface of single CdS nanoparticles during photocatalysis.
They recruited and accumulated hydrophobic FL molecules
(rhodamine 6G) onto the liquid–air interface, leading to
improved FL intensity under microscopes. The growth rate and
the maximal SPRM or FL intensity were subsequently used to
determine the photocatalytic activity of single CdS nanoparticles.

Fig. 10 The catalytic reaction occurring on a single nanoparticle is found
to generate nano-sized gas bubbles on its surface. These nanobubbles can
be visualized and quantified with DFM (a), SPRM (b) or FLM (c), allowing for
the study of nanocatalysis at single-nanoparticle level. ((a) is reprinted with
permission from ref. 233. Copyright 2017, American Chemical Society.
(b) is reprinted with permission from ref. 17. Copyright 2017, National
Academy of Science. (c) is modified with permission from ref. 294. Copyright
2018, Royal Society of Chemistry.)
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Intermittent photocatalytic activity (photochemical blinking) of
single CdS nanoparticles was observed in both cases, suggesting
the intrinsic connection between semiconductor photophysics
(blinking FL) and photochemistry (blinking photocatalysis). The
major challenge is how to differentiate nucleation kinetics from
intrinsic reaction kinetics, although they are likely to be corre-
lated for the same nanocatalysts. However, for different nano-
catalysts with different surface physiochemical properties and
structures, bubble generation rates may not be sufficient to
judge the catalytic activity.

Optical signal from nanocatalysts

In many cases, the optical signal of the nanocatalyst itself is
sufficiently high to allow for tracing its trajectory during cata-
lytic reactions. For instance, the scattering spectral band of a
plasmonic nanoparticle is sensitively dependent on its electron
density, which is subject to change due to electron injection or
extraction during nanocatalysis. This mechanism was originally
proposed by Mulvaney to investigate the oxidation of ascorbic
acid.81 Because it was difficult for conventional DFM to image
metal nanocrystals smaller than 10 nm, which, however, often
exhibited higher catalytic activity, Li developed a DNA-directed
assembly strategy to form a core–satellite structure. Smaller
satellite nanocrystals catalyzed the oxidation of glucose to inject
electrons into the larger plasmonic core, leading to a detectable
shift in the scattering spectrum.82 The photo-induced reduction
of 4-nitrobenzenethiols on single silver nanoparticles was
investigated with DFM, which revealed a non-monotonic trend
in the scattering intensity trajectory.295 Bi-directional electron
transfer in a Schottky junction was monitored in real time with
SPRM by placing semiconductor nanoparticles onto a planar
gold film.113 Oxidation of sulfide ions in the solution caused
the deposition of sulfur atoms onto the CdS nanoparticles
under blue-light illumination. These sulfur atoms were reduced
by hot electrons when the gold film was excited to generate
surface plasmon polaritons. The reversible processes altered
the dielectric constant of the CdS nanoparticles, which was
indicated by the optical responses in SPRM. Long et al. examined
the shift in scattering spectrum of a single gold nanorod when it
catalyzed the electrochemical oxidation of H2O2. They attributed
the observed red-shift to the formation of a hydroxide/oxide
intermediate.242,296 Photocatalysis of heavily doped titanium oxide
nanomaterials was recently investigated under DFM.297 Single-
nanoparticle studies demonstrated that a nanoparticle dimer
exhibited higher catalytic activity than an individual nanoparticle
for photodegradation.

Ion-exchange reactions occurring on metal nanoparticles
and semiconductor QDs were investigated with DFM and FLM,
respectively. Metal-catalyzed galvanic replacement reactions are
frequently utilized to synthesize bimetallic or hollow nanostruc-
tures, in which the corrosion of silver nanospheres by Au3+

results in gold nanocages. Monitoring the plasmonic spectrum
of single silver nanoparticles not only confirmed the presence
of nano-sized voids in the intermediate stage, but also revealed
heterogeneous and rapid transition kinetics.77 The spectral
evolution of Ag nanoparticles in the presence of [PtCl6]2�

identified dynamic structural transformations for understand-
ing the multi-domain Ag/AgCl/Pt nanostructure.298 The single-
nanoparticle trajectory further demonstrated that the surface
ligands of the Ag nanoparticles played essential roles in regulat-
ing the galvanic replacement kinetics.299 Metal ion exchange of
CdSe nanoparticles by Ag+ was found to eliminate the FL
emission due to the formation of non-fluorescent Ag2Se. A sharp
transition as well as the narrow distribution of waiting times in
the FL trajectories suggested that the ion exchange process was
controlled by a cooperative phase transition mechanism.300 In a
reversed ion exchange process from Ag2Se to CdSe, an intensi-
fied photoblinking pattern was detected during the FL recovery,
uncovering an interesting correlation between the stochastic
photoblinking and its chemical states.60

In addition to plasmonic scattering, the plasmonic photo-
luminescence of metal nanoparticles was also utilized to study
nanocatalysis.301 A single-nanoparticle PL spectrum can be
acquired by using an optical microscope similar to a Raman
microscope. It was further found that, similar to the plasmonic
spectrum, the PL spectrum is also dependent on its geometry as
well as the electron density,302 allowing for the chemical pro-
cesses to be probed. The PL spectrum of a single triangular gold
nanoprism revealed the morphological evolution during an
Au3+-induced etching process.303 Although the detailed mecha-
nism of such plasmonic photoluminescence remains under
debate,50 a recent study reported the PL quenching as a result
of an ethanol49 and formic acid dehydrogenation reaction304

occurring on it.

Perspective and outlook

Past decades have witnessed the rapid development of advanced
optical microscopy with single-molecule detection sensitivity as
well as an unprecedented spatial resolution that breaks the
diffraction limit.15,16 Applications in nanosensing, nanoelectro-
chemistry and nanocatalysis have not only significantly advanced
fundamental knowledge about the optical properties and
chemical activity of nanomaterials, but have also provided
novel insights into the rational design of nanomaterials with
better performance. While many exciting milestones and fruit-
ful results have been demonstrated, further efforts are still
required to reach the ultimate goals promised by single-
nanoparticle studies. We summarize some of the remaining
technical and conceptual challenges and provide our perspec-
tives on future trends below.

From the point of view of technology, continuing attempts
are expected to further improve the SBR of each imaging
technique and to better mimic the actual reaction conditions.
Improved SBR not only allows for the study of nanocatalysts of
smaller size (which are often more chemically active), but also
helps to achieve a higher temporal resolution. The latter is
critical for nanocatalysis studies by reducing the influence of
the diffusion of products and by probing fast kinetics. While FL
and plasmonic nanomaterials have been deeply investigated by
FLM and DFM, more attention to PTM and SPRM should be
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encouraged because they are capable of studying broader types
of nanomaterials for real-world applications. In most studies,
a substrate is often required to facilitate the optical imaging of
nanoparticles by eliminating Brownian motion. However, the
presence of the substrate might alter the molecular recognition
and electron transfer because of the hydrophilic–hydrophobic
property, surface charge, roughness and electrical contact
between nanoparticle and substrate. One of the solutions is
to detach the nanoparticle from the substrate and to hold it
with other non-contact techniques, such as optical and magnetic
tweezers,305–310 microcapsules, fluidics, or mechanical micro-
manipulators.311 In addition, reaction chambers that are com-
patible with harsh temperature and pressure conditions are
beneficial for expanding the applications.7

One of the ultimate goals promised by single-nanoparticle
studies is to clarify the structure–activity relationship. Despite
many exciting achievements towards this goal in the past two
decades,10,11 more examples are needed to show that micro-
scopic studies lead directly to improved ensemble performances.
The challenges are complicated, but we will try to list several
solutions here. First, statistical analysis of thousands of (or even
more) individuals are certainly required to deliver a reliable
structure–activity relationship. While the activity of single nano-
particles has been convincingly determined, it is more difficult
to extract one or a few structural features to build a relationship
if the sample set is small.233,264 Because each nanoparticle is so
dramatically different from the others, it would be fanciful to
use just a single structural feature (shape or size) to describe
such heterogeneity. Comprehensive characterizations of single
nanoparticles with multiple tools are required, including high-
resolution and in-depth electron microscopes and scanning
probe microscopes. In addition to the atomic structure, surface
chemistry (adsorbates and defects) also plays a critical role in
regulating chemical activity.108,112 Unfortunately, in situ and
single-nanoparticle-level characterizations on the surface chem-
istry of single nanoparticles are technically difficult. Because
several structural features contributed to the chemical activity
simultaneously, multiple parameter analysis of a sufficiently
large sample set, rather than a single parameter from a few
individual particles, is more likely to build a reliable structural–
activity relationship. Statistical analysis is also critical because
it might be able to explain the inconsistent and sometimes
contradictory reports on the same or similar reaction system by
surveying all the possible subpopulations.243,312 Second, in situ
manipulation of a single nanoparticle structure could be a
powerful tool to clarify structural dependencies. Instead of
simply measuring an existing nanoparticle, in situ modifications
of its structure and observations of the consequences provide a
more effective and convincing strategy. Available in situ mani-
pulation methods include photochemical, electrochemical and
chemical deposition, etching or corrosion, and assembly. A focused
beam or an electrochemical probe enables further localized
manipulation for a particular nanoparticle or a sub-nanoparticle
location. This strategy is believed to be more efficient because
such a perturbation and observation scheme represents a
structural control experiment. It should be particularly useful

for studying hybrid nanomaterials, such as co-catalysts. Third,
a multifunctional system is needed to integrate the strengths of
multiple imaging modes.313,314 For example, it was found that
the SERS background originated from the photoluminescence
of plasmonic nanoparticles. Intrinsic SERS spectra were thus
retrieved by removing the contribution of photoluminescence in
a combined FLM and SERS system.314 Spectroscopic measure-
ments, such as FLM and PTM, revealed important information
regarding surface trap states and electronic structures that are
more relevant to chemical activity.165 Attention should be paid in
future work to correlating chemical activity with spectroscopic
features, in addition to the structural dependencies.

Finally, since there have been versatile choices in the single-
nanoparticle chemical imaging toolbox, we believe it is time
to move to the next stage by building a stronger bond with
ensemble measurements.280,281 This includes two levels of
meaning. First, it is anticipated that single-nanoparticle measure-
ment will be able to reproduce and explain the activity trends in a
series of ensemble samples. If sample A is 10 times more effective
than sample B in an ensemble experiment, the same ratio should
be expected when comparing the averaged activity of many
individuals in single-nanoparticle measurements, no matter
how much particle-to-particle heterogeneity is present. Second,
it is anticipated that single-nanoparticle measurements will
provide insights for improving performance and such guidance
should be examined at the ensemble level. It is anticipated that
further developments of optical imaging techniques, as well as
strong interactions between single-entity measurements and
ensemble experiments, will pave a solid way towards this
ultimate goal.
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