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1. Introduction

The heterogeneity among individual nanoparticles in struc-
ture and compositions results in a large variation of chemical 
activities in catalysis reactions [1–4]. Traditional ensemble 

measurements of structural characteristics and activities only 
provide averaged results, and are hard to reveal the precise 
structure–activity relationship for nanoparticles. The ensem-
ble methods are likely to omit the minority nanocatalysts 
with outstanding activity, which is significant to design high 
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Abstract
Dark-field microscopy (DFM) is an effective method to detect the scattering signal from single 
nanoparticles. This technique could break through the 200 nm limit resolution of ordinary 
optical microscopes. It even can observe the submicron particles of 20–200 nm. Moreover, 
from 2000, DFM was coupled with a spectrometer to measure the scattering spectra of 
single silver nanoparticles. Then, dark-field spectroscopy becomes a very important plasmon 
spectroscopy technique for single nanoparticles. Usually, plasmonic nanoparticles are the 
major research target, because they have unique optical properties due to their localized 
surface plasmon resonance (LSPR), which can be influenced by many factors, such as 
composition, size, morphology, the refractive index of the surrounding medium etc. When 
surface chemical reactions occur on a single nanoparticle, it could induce the variation of 
these factors. Then, the structure–activity relationship for these nanoparticle catalysts can be 
studied at a single nanoparticle level and in real time. This review mainly summarized the 
development of dark-field spectroscopy, spectrometers, light sources, and other accessories, 
which greatly improved the imaging capabilities of dark-field spectroscopy. Meanwhile, the 
applications of dark-field spectroscopy in single-particle catalysis such as chemocatalysis, 
photocatalysis, electrocatalysis and biocatalysis are also reviewed.
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performance catalysts [5]. Although many techniques, such 
as AFM, SEM, TEM etc can characterize the structure of 
single nanoparticles, the catalytic reaction process cannot be 
monitored in real time by these techniques. Consequently, it 
is highly desirable to develop some techniques to study the 
catalytic reactions at single molecule or nanoparticle level and 
in real time.

Single nanoparticle catalysis can detect the activity of each 
nanoparticle. Meanwhile, heterogeneous reaction pathways 
and catalytic kinetics [6], distribution of active sites [7, 8], 
size-dependent catalysis, etc can be revealed by this method. 
Recently, various newly-developed optical microscopes have 
become powerful techniques to detect the activity of single nan-
oparticles owing to their high sensitivity, sufficient spatial and 
temporal resolution. For instance, single-molecule fluorescence 
microscopy has been used extensively to study the catalytic 
behaviours of heterogeneous nanocatalysts at the single parti-
cle level [9–17]. But photobleaching and low quantum yield of 
fluorescent dyes in aqueous environments limited the long-time 
observation. Meanwhile, limited selectable fluorescent dyes and 
complicated optical path alignments restricted the application of 
fluorescence microscopy in many other catalysis reactions [18].

As a promising alternative, localized surface plasmon res-
onance (LSPR) spectroscopy of metallic nanoparticles has 
attracted considerable attentions for the application in chemical 
researches. When the nanoparticle size is much smaller than the 
wavelength of incident light, the LSPR of metal nanoparticles 
originates from the interaction between the coherent oscillation 
of conduction electrons and incident radiation [19]. LSPR leads 
to unique scattering and absorption spectra for a specific single 
metal nanoparticle. The extinction spectrum (absorption and 
scattering) of metal nanoparticle can be calculated according to 
the equation of Mie theory in equation (1) [20],

E (λ) =
24π2Na3ε

3/2
out

λ ln(10)

ñ
εi(λ)

(εr (λ) + χεout)
2
+ εi(λ)

2

ô
. (1)

Where εr and εi are the real and imaginary components of 
the metal dielectric function respectively, a is the radius of 
the metallic nanoparticle, εout is the dielectric constant of the 
medium surrounding the nanoparticle, χ in front of εout is the 
correction factor. It can be found from equation (1) that the 
extinction spectrum is sensitive to the local dielectric environ-
ment and the nanoparticle size, composition (figure 1) [21]. 
Such a spectral property of metal nanoparticles allows to 
explore versatile mechanisms for chemical reaction by the 
spectral variation. This property has been used to directly 
detect the reactant molecules [22, 23], or the biological mol-
ecules [24–26]. Compared with fluorescence probes, the plas-
monic nanoparticles have an obvious advantage in the property 
of the local dielectric environment. Chemical reaction can be 
detected real-time by the changes of the surrounding di electric 
constant, which usually occur in most chemical reactions. 
Single-molecule fluorescence microscopy only relies on the 
Changes in the fluorescence signal. So these LSPR-based 
sensing experiments have higher sensitivity, faster response, 
and wider application scope [27].

Dark-field spectroscopy, which is a dark-field microscopy 
(DFM) coupled with a spectrometer, has been developed to 
observe the metal nanoparticles, and becomes a typical tech-
nique to measure the scattering spectroscopy of single nano-
particle [28–33]. Usually, dark-field microscope includes 
upright and invert types (figure 2). Figure 2 shows that the 
white light is obliquely illuminated on the sample by pass-
ing through a condenser which is equipped with dark-field 
ring. Most light is directly transmitted through the sample. 
By using an objective with a numerical aperture smaller than 
the dark field concentrator, only the scattered light from the 
sample will be collected by the objective and detected by a 
CCD camera [34–36]. This technique could break through 
the 200 nm limit resolution of ordinary optical microscope. 
It even can observe the submicron particles of 20–200 nm 
[37]. Moreover, from 2000, DFM was coupled with a 
spectro meter to measure the scattering spectra of single sil-
ver nanoparticles. Then, dark-field spectroscopy becomes a 
very important plasmon spectroscopy technique for single 
nanoparticle.

When surface chemical reactions occur on a single nan-
oparticle, it could induce the variation of local dielectric 
environment, nanoparticle size, or composition. Such varia-
tion makes the scattering spectrum of the single nanoparticle 
change. Then, we could study the relationship between single 
nanoparticles spectra and catalysis reaction in real time. In 
order to realize the research, many new techniques have been 
invented in dark-field spectroscopy and mainly focused on 
the spectrometer and accessories. The conventional dark-field 
microscope was also improved to increase the signal-to-noise 
ratio and time resolution.

Therefore, dark-field spectroscopy has been greatly devel-
oped in recent years and shown powerful ability in the field 
of catalysis. In order to better understand recent progress in 
this field, we write this review. Here, we focus on the develop-
ment of dark-field spectroscopy and its applications in detect-
ing chemocatalysis, electrocatalysis, biocatalysis reactions on 
single nanoparticles.

Figure 1. The main influencing factors and adjustment strategies 
on LSPR of the plasmonic nanoparticles. Reprinted with permission 
from [21].
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2. Development of dark-field spectroscopy

The scattering spectrum of single nanoparticle could be greatly 
affected by the morphology, composition and surrounding 
chemical environment. Currently, dark-field spectroscopy is 
the basis method for the research of the single nanoparticle 
spectroscopy and catalytic reactions. For dynamic chemical 
reactions occurring on the surface of a single nanoparticle, it 
is difficult and complicated to capture the subtle changes of 
scattering spectrum of nanoparticle. It is necessary to continu-
ously improve the technology of dark-field spectroscopy, if 
one wants to reveal structure-activity relationship of nano-
catalyst at the single nanoparticle level. So many researchers 
have improved the defects of existing spectrometers, and also 
developing new features of existed spectrometers for many 
years.

2.1. Spectrometer with monochromator

To obtain the image and the scattering spectrum of single 
nanoparticle, the simplest way is to use a DFM coupled with 
a slit spectrometer [38, 39]. The setup of a dark-field spectr-
oscopy composed of a DFM and a slit-spectrometer is shown 
in figure 3 [40]. The incident white light is focused on the sin-
gle nanoparticles by a dark-field condenser, and the nanopar-
ticles generate emission light. The scattering light of single 
nanoparticles is captured by a CCD camera in the dark-field 
microscope. The spectrum of scattering light is taken by a 
monochromator, which is equipped with a optical grating or 
a prism. The slit ensures the scattering light from only one 
single nanoparticle pass through the spectrometer grating. 
The nanoparticle must appear in the slit to yield the scattering 
spectrum. The dark-field slit spectroscopy is a conventional 

Figure 2. Upright (A) and invert (B) types of dark-field microscope.

Figure 3. Setup of DFM coupled with color CCD, spectro-CCD and a slit-spectrometer. Reprinted from [40] with permission of The Royal 
Society of Chemistry.

J. Phys.: Condens. Matter 31 (2019) 473001
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method to obtain single nanoparticle spectrum [41, 42]. This 
method is commonly used to realize ultrasensitive sensors in 
biology, chemistry, and to measure the single nanoparticle 
spectrum with high precision. The major drawback of the slit 
spectrometer is the low throughput of nanoparticles. The slit 
limits the quantity of nanoparticle and usually obtains only 
a single nanoparticle spectrum at one time. If the scattering 
spectra of multiple particles are needed simultaneously, the 
particles must be located in the same region-of-interest in 
order to collect their spectra at a time [43].

In order to improve the throughput of obtaining the scat-
tering spectra of multiple nanoparticles simultaneously, the 
slit is replaced by a transmission grating in front of the CCD 
camera [44–46] or the objective lens [47]. The transmission 
grating is used to generate many scattering spectra from mul-
tiple nanoparticles, which are captured by a CCD camera. By 
such modification, the throughput can be increased obviously. 
However, the spectral resolution has an obvious decrease.

Above statement shows that dark-field spectroscopy using 
spectrometer with monochromator is very straight forward 
and simple. Therefore, this method is developed very early 
to take the spectra of single nanoparticles. The traditional 
spectro meter with monochromator has a high spectral resolu-
tion and mid signal-to-noise ratio. But the throughput of spec-
trum measured in a time is extremely low, while the scanning 
speed is slow even if some modifications were made. For the 
restriction of monochromatic spectrometers, it is necessary to 
develop new dark-field spectrometers with high-throughput 
and fast scanning speed.

2.2. The hyperspectral spectrometer

In order to solve the problems of monochromatic spectro-
meters, hyperspectral spectrometer was consequently 
developed. Based on copious narrow-band image data, hyper-
spectral imaging technology combines imaging technology 
with spectroscopy technology to detect 2D geometric space 
and 1D spectral information simultaneously. The continu-
ous or narrow-band images with high spectral resolution can 
be obtained. At present, hyperspectral imaging technology 
is growing rapidly in the fields of chemistry, biology, medi-
cal diagnosis and other fields. The common hyperspectral 
spectro meters include Fourier transform spectrometer (FTS) 
and filter type spectrometer.

FTS adopts the Michelson Interferometer as spectroscopic 
system. The Michelson Interferometer converts the light emit-
ted from the light source into interference light. Then, the 
interference light passes through the sample and is captured 
by the detector to obtain an interferogram. The interferogram 
is converted to spectral information by Fourier transform 
using a computer [48]. The FTS has extremely fast scanning 
speed, which improves the signal-to-noise ratio of the system. 
Due to the use of the splitting technique and energy disper-
sion, usually, it sacrificed spatial resolution to obtain higher 
spectral resolution. The fast scanning speed and wide field of 
view significantly improved the throughput of single nanopar-
ticle spectrum. Tseng et al combined dark-filed microscopy 

with Fourier transform spectrometry to develop a hyperspec-
tral imaging system, which was used to measure the scattering 
spectra of many immobilized single nanoparticles [49]. The 
combination of hyperspectral imaging systems with spectral 
data analysis is demonstrated to have a very high sensitiv-
ity, and even small changes caused by the ambient refractive 
index in the local surface are detected.

Filter-type spectrometers utilizes tunable filters as optical 
spectrometer, which commonly includes acousto-optic tuna-
ble filters (AOTFs) and liquid crystal tunable filters (LCTFs). 
Among them, AOTF is a new type of spectroscopic device 
according to the principle of acousto-optic interaction. It 
realizes spectral scan by changing the driving signal. When 
a driving signal of a certain frequency is put into the AOTF, 
the incident composite light is diffracted and selected out a 
monochromatic light with a specific wavelength [50]. The 
wavelength of the monochromatic light has a one-to-one corre-
spondence with the frequency of the driving signal. According 
to the scanning range of different control driving signals, the 
AOTF separates the monochromatic light of a certain spectral 
range. The monochromatic light will pass through the sample 
and enters the detector. The computer can obtain the scattering 
information of the sample by using a certain algorithm [51].

In order to directly measure the charging rates of single 
nanoparticles, Collins et al used AOTF to select a monochro-
matic band from a supercontinuum laser to illuminate nano-
particles, and the scattered photon flux was rapidly monitored 
(figure 4) [52]. The laser-illuminated dark-field spectrometer 
system facilitated faster signal acquisition compared to mono-
chromator spectrometers and was more sensitive for surface 
plasmon-based sensing applications. The AOTF spectrometer 
has a wide tuning range and full-spectrum scanning within the 
scanning range, and also can select any specific wavelength. 
However, its structure is complex and energy consumption is 
relatively high.

Another common optical spectrometer of filter-type 
spectro meter is liquid crystal tunable filter (LCTF). LCTF is 
a new type of optical device based on the electronically con-
trolled birefringence effect of liquid crystal and the interfer-
ence principle of polarized light. The technique using LCTF 
can directly obtain both image and spectrum of the target after 
the image is processed. The system is generally composed of 
a LCTF, optical lens, and a monochrome CCD camera. The 
optical lens and the CCD camera form the imaging system, 
the LCTF acts as optical spectrometer. There are two com-
mon combination types of the LCTF and the imaging system: 
one puts the LCTF in front of the lens [53, 54] and the other 
locates the LCTF between the lens and CCD camera [55]. The 
LCTF can quickly achieve band tuning, meanwhile, maintain 
high spectral resolution and spatial resolution.

From above statement, we can see that the major advan-
tages of these hyperspectral spectrometer are the relatively 
high throughput and optimized spectral resolution. Moreover, 
both interference-type and filter-type spectrometer have 
large field of view, flexible tuning and faster scanning speed. 
However, the reduced temporal resolution limit the applica-
tion range in the chemical research. These devices also have 
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some other shortcomings, such as complex structure, lower 
light transmissivity etc. In order to improve the detection 
capability of hyperspectral spectrometers, improvements can 
be made in the hardware structure and developing filters with 
better transmittance. On the other hand, spectral resolution 
enhancement techniques can be used to improve the spectral 
resolution of the hyperspectral spectrometer by means of data 
processing. It contains two main research directions: one is to 
directly process the spectral signal to separate the overlapping 
lines. The other is to improve the spectral resolution of the 
FTS to meet or exceed the physical limit by signal processing 
in the Fourier transform domain. These methods have great 
possibilities in improving the detection ability of hyperspec-
tral spectrometers. A higher throughput and optimized spectral 
resolution of hyperspectral spectrometers can greatly promote 
the real-time detection and broader application of dark field 
spectroscopy in complex chemical reactions.

2.3. Color-coded method based on RGB intensity

Due to the shortcomings of the hyperspectral spectrometer, 
it is necessary to develop a more simple, rapid, and time effi-
cient method to obtain the scattering spectra of many nanopar-
ticles. RGB color-coded method is a desirable alternative. 
RGB means the color intensity of the three channels of red 
(R), green (G), and blue (B) [56]. In general, the common 
color camera has 24-bit color, which means that each channel 
of red, green and blue has 256 levels of brightness. By chang-
ing the three color channels of red (R), green (G), and blue 
(B) and superimposing them on each other, one can get about 
16.78 million colors. Each color can represent the values of 
chromaticity and intensity from red, green and blue channels. 
Color and wavelength have a corresponding relationship and 
the chromaticity values can be transformed into a spectral 
wavelength.

The earlier development of the RGB color-coded method 
is to reveal the relationship between size and scattering wave-
length. Chao et al used RGB method to open up a new path-
way to measure the morphological information of different 

gold nanoparticles with high throughput [57]. The schematic 
description of RGB-based method is shown in figure 5. The 
size of the gold nanoparticles has a relationship with the scat-
tering spectra. The gold nanoparticles with different diameters 
exhibit different corresponding color. According to the rela-
tionship between the size, scattering spectra, and color of the 
gold nanoparticles, color-coded method based on RGB inten-
sity was developed to estimate the diameter of single nano-
particles. The colors of the gold nanoparticles with different 
diameters were imaged by DFM. The RGB chrominance 
information of the color images can be directly converted 
into the spectral wavelength of the scattering light by using 
Matlab program within 1 s. The wavelength with the highest 
intensity was considered as the scattering peak of the nano-
particles. The diameters of the nanoparticles were calculated 
based on the relationship between size and scattering wave-
length according to Mie theory. Although this research only 
studied the relation of size and scattering spectra, it exhibited 
as a rapid, real time, and high-throughput method to measure 
the sizes of single nanoparticle. This method could obtain the 
scattering spectra of about 1000 nanoparticles within 3 min.

The RGB method also can be used to study more complex 
reactions, such as the binding of thiols to single Au nanopar-
ticles [58]. Color CCD camera captured the images of single 
Au nanoparticles with color variance before and after thiols 
bounded to Au nanoparticles’ surface. The RGB variance 
information of single nanoparticles can be converted to wave-
length information by a software and then obtain the band 
shifts of scatting light. The RGB method can also study the 
reaction of H2S and Ag according to the color variation of sin-
gle core–shell gold–silver single nanoparticles resulting from 
the formation of Ag2S [59].

The RGB-based analysis has specific advantages of high 
throughput and high scanning rate compared with other 
spectro meter methods. Meanwhile, this method also has 
some disadvantages, such as limited spectral resolution, low 
signal-to-noise ratio, and low precision etc. In addition, when 
two color have the same tristimulus value but have different 
spectral curves, the two colors are called metameric colors. 

Figure 4. (A) Setup of the dark-field spectroscopy with AOTFs. MM  =  multimode, DFC  =  dry dark-field condenser, TL  =  tube lens, 
PH  =  pinhole, PCL  =  planoconvex lens, FM  =  flip mirror, PMT  =  photon multiplier tube, CMOS  =  complementary metal oxide 
semiconductor. (B) AOTF scan-generated scattering spectra of single Au nanorods. Reprinted with permission from [52]. Copyright (2016) 
American Chemical Society.
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metamerism can cause errors in acquiring scattering spec-
trum. In order to improve the phenomenon of metamerism, 
the metameric database can be established statistically based 
on experience. In addition, it is also possible to avoid meta-
merism phenomenon by combining RGB-based analysis and 
the hyperspectral spectrometer. For the low spectral resolution 
and precision of RGB-based analysis, the computer algorithm 
such as a bias-modified fuzzy C-means algorithm can be used 
to improve the sensitivity and resolution. The development 
of RGB-based analysis not only can reveal the relationship 
between size and scattering wavelength but also can be used 
to study more complex chemical reactions. The fast, real-
time, high-throughput characteristics of RGB-based analysis 
method make it a very promising method to obtain the scatter-
ing spectrum of single nanoparticle.

2.4. Other spectroscopic techniques

In addition to the traditional monochrome type, interference 
type and electronic-tunable filter spectrometer, there are some 
other homebuilt spectrometers. The time resolution and light 
transparency of many techniques are not high enough. In order 
to overcome the shortcoming, Zhou et al designed and built an 
in situ, wide-field spectrometer based on inverted DFM and 
narrowband filters (figure 6) [60]. The difference between 
this spectrometer and other spectrometers lies mainly in the 
spectroscopic system and the spectral acquisition method. The 
spectroscopic system was mainly composed with a rotary fil-
ter and a stepper motor, which was controlled by a computer 
program with a certain rule. The spectral data was mainly 
recorded by an EMCCD camera as a digital movie. The movie 
is processed to obtain in situ spectral data by a home-written 
computer program. This system can collect a large amount of 
full-spectrum data at one time. They used this spectrometer to 
study the galvanic replacement reaction on single Ag nano-
plates in real time.

The signal-to-noise ratio and time resolution of traditional 
DFM are not high enough to observe fast dynamic process. In 
order to improve the signal-to-noise ratio and time resolution, 
several optical modifications have been made in DFM. Noji 
et  al developed a objective-type vertical illumination dark-
field microscopy (VIDFM) [61]. It was constructed by replac-
ing the dichroic mirror in the traditional total internal reflection 
dark-field microscopy (TIRDFM) optical system with a per-
forated mirror. They applied this self-made VIDFM system to 
study the rotation mechanism of F1-adenosine triphosphatase. 
This system can obtain high signal-to-noise ratio image with 
spatial precision of 1–2 nm and time resolution of 9.1 µs. 

However, this technique is limited to thin areas adjacent to the 
interface, which was caused by the evanescent field of total 
internal reflection. Some other researchers used a white laser 
or a supercontinuum laser [62] as light sources to improve the 
temporal resolution and sensitivity of DFM.

Interestingly, there are also some development of 3D ori-
entational imaging with DFM [63, 64]. He et  al exploited 
the inherent morphological anisotropic of gold nanorods to 
split surface plasmon resonance into lateral and longitudinal 
modes [65]. A dual-wavelength upright dark-field microscope 
is used to distinguish the longitudinal and lateral oscillation 
modes from individual gold nanorods. A dual-wavelength 3D 
DFM was developed to obtain well-focused lateral illumina-
tion and orientation information positioning by defocusing 
longitudinal mode. A high-speed camera combined with 3D 
DFM found a relationship between transferrin-modified gold 
nanorods and living cells in nanometer accuracy.

3. Application of dark-field spectroscopy in single 
nanoparticle catalysis

Catalytic reactions such as electrocatalysis, photocatalysis, 
homogeneous and heterogeneous catalysis play a vital role in 
modern chemistry. The diversity in the activity of individual 
nanoparticles is difficult to be measured by an overall activity 
experiment. In order to truly understand the catalytic reaction 
process and select the catalyst with high activity and durabil-
ity, it is necessary to conduct a real time research on the cata-
lytic reaction at the single particle level.

Dark-field spectroscopy make it possible to study the opti-
cal properties of individual nanoparticles and analyze the 
effects of nanoparticles morphology as well as the refractive 
index of the surrounding medium. Catalytic reaction makes 
changes in these parameters, which produce a wavelength shift 
and intensity change of scattering spectrum of nanoparticles. 
Dark-field spectroscopy can be used to precisely monitor the 
changes in the spectral properties of nanoparticles and obtain 
the real-time information of catalytic reactions or morpholog-
ical changes at the surface of single nanoparticles, which can 
either directly or indirectly report the catalytic process [66].

3.1. Chemocatalysis

Detection and mechanism analysis of heterogeneous catalytic 
activity is the core issue in the field of catalysis. For each indi-
vidual catalyst particle, the reaction rate is different from oth-
ers due to different morphology, composition and surrounding 
environment. In situ detection of the catalytic reaction rate 

Figure 5. The schematic of the RGB-based method. Reprinted with permission from [57]. Copyright (2012) American Chemical Society.
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for one individual nanocatalyst is a challenge work, because 
conventional methods usually measure the overall averaged 
catalytic activity for all types of nanocatalyst. Moreover, the 
relationship between the nanocrystal structure and its cata-
lytic activity is not clear. At present, the common methods for 
studying single particle or single molecule catalysis mainly 
include single-molecule fluorescence microscopy, surface-
enhanced Raman spectroscopy, x-ray absorption spectr-
oscopy, dark-field spectroscopy, etc [18]. Current researches 
with surface-enhanced Raman spectroscopy is focused on 
single molecule chemistry due to the technical difficulties 
of placing nanocatalysts in surface-enhanced Raman spectr-
oscopy hotspots [67, 68]. For x-ray absorption spectroscopy, 
the temporal resolution is low to track the real-time catalytic 
process. The synchrotron radiation instruments are complex 
and high flux x-ray usually cause serious damage to the sam-
ple [69].

Dark-field spectroscopy can easily detect the Rayleigh 
scattering spectra of individual plasmonic nanoparticles in 

the visible region. Compared with the hotspots restriction of 
surface-enhanced Raman spectroscopy, the quenching of fluo-
rescence dyes and the x-ray damage for sample, plasmonic 
nanoparticle probes for dark-field spectroscopy are more con-
venient and stable, and they have a wider range of catalytic 
reaction applications. Dark-field spectroscopy can directly 
image gold nanoparticles as small as 10 nm by using innova-
tive optical configurations, light source and illumination con-
figuration [70, 71]. The equipment of dark-field spectroscopy 
is simple and the light source has no effect on the sample. 
It also provides high contrast images, high detection sensi-
tivity and spatial resolution. Dark-field spectroscopy enables 
us to study the optical properties of single nanoparticle with 
well-defined structures as well as the local environment on the 
catalytic surface.

Dark-field spectroscopy has a great promise to monitor 
a real time catalytic reaction by direct or indirect strategy. 
Gold/silver nanoparticles act as catalysts in some heterogene-
ous redox reactions. When the reactant chemisorbed on the 

Figure 6. Wide-field and real time spectrum system based on a DFM and narrowband filters. (A) The setup of spectrum system.  
(B) Principle to obtain the spectrum of one single Ag nanoplate. (C) Dark-field image of the Ag nanoplates before the galvanic replacement 
reaction. (D) Single nanoparticle LSPR scattering spectra for the nanoplates in (C). The spherical dots are from home-built spectrometer, 
and the curves are from a commercial spectrometer. (E) Correlation between the peak wavelength from home-built spectrometer (λpeak1) 
and a commercial spectrometer (λpeak2) for same set of Ag nanoplates [60]. John Wiley & Sons. Copyright © 2013 WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim.
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surface of metal nanocatalysts, the donor and acceptor trans-
fer electrons through the catalyst surface. The spectra can be 
directly measured to monitor the rate and activity of catalytic 
reactions occurring on the catalyst surface. Mulvaney et  al 
[22] firstly observed the redox reaction rate on single gold 
nanocrystals, which act as the catalysts to catalyze the oxi-
dation of ascorbic acid by dissolved oxygen. They observed 
the kinetics of atomic deposition on single gold nanoparticles 
and the electrons transfer during the redox reaction by using 
dark-field plasmon spectroscopy. The electron transfer rates 
of 4600 electrons and about 65 molecules of O2 per second 
can be directly monitored.

Commercial dark-field spectroscopy can only capture the 
scattered light of Au nanoparticles with diameters over 50 nm. 
Li et al [72] constructed a halo-like Au nanostructures by 50 
and 13 nm in diameter, which was modified with thiolated 
oligonucleotides having complementary sequences (figure 7). 
The redox reaction of glucose and dissolved oxygen catalyzed 
by single-particle halo-like Au was studied by this method. 
The changes in the surface coverage and state of charge of 
the catalyst were monitored indirectly. It was found that the 
densely modified 50 nm nanoparticle was catalytically inert, 
while the loosely modified 13 nm nanoparticle was active. 
The catalytic reaction occurring on the 13 nm Au nanoparti-
cle changed its dielectric constant. Their work extended the 
concept of nanoantenna which can be used to monitor liquid-
phase catalytic reactions in homogeneous solutions.

The oxidation reaction mechanism of Au nanoparticles was 
also studied. He et al [44] studied the oxidation reaction of 
gold nanoparticles with oxidation reagent solution of H2O2, 
HCl and NH4Br by grating-based dark-field spectroscopy. The 
spectral shift and intensity change of single gold nanorods 
immobilized on the glass substrate or single gold nanorods 
moving in solution were monitored in real time. The oxida-
tion rate of single immobilized Au nanorods was slower than 
the moving Au nanorods, which indicated the generation of 
autocatalytic reaction of Au nanorods.

Metal nanoparticles can act as sensors to conduct and detect 
catalytic reactions on their surface. The dark-field spectr-
oscopy also can be used to study the reaction mechanisms of 
organic chemistry. It is well known that click chemistry is a 
powerful synthetic chemical method with simple reaction con-
ditions and high selectivity. Specially, Cu+-catalyzed azide-
alkyne 1,3-dipolar cycloaddition (CuAAC) is considered as 
a typical click reaction with high yield and selectivity. The 
coupling reaction of multiple nanoparticles will result in scat-
tering spectral red shift and dramatic color change [73]. Shi 
et al studied the click reaction of copper sulfate and sodium 
ascorbate catalyzed coupling reaction of gold nanoparticles 
by using plasmon resonance Rayleigh scattering spectroscopy 
and DFM at the single nanoparticle level (figure 8) [74].

The reaction time and the amount of catalysts were also 
studied. Coupling of gold nanoparticles results in a color 
change and scattering spectrum red shift for gold nanoparti-
cles. It is the first time for a click reaction being monitored 
at the single nanoparticle level. This method is an effective 
way to monitor the coupling reactions in real time. Azide and 
alkyne functionalized gold nanoparticles can be coupled in 

aqueous solution by Cu+-catalyzed azide-alkyne 1,3-dipolar 
cycloaddition click chemistry. The catalytic effects of various 
concentrations of Cu2+ are different, and the color of single 
gold particles changes accordingly [75].

Dark-field spectroscopy can be used not only for solid–
liquid reactions, but also for gas-solid reactions [76, 77]. For 
example, the dissociation of hydrogen mechanisms occur in 
single-gold nanoparticles embedded in semiconducting metal 

Figure 7. (A) Synthetic scheme for the preparation of Au nanohalo 
through the self-assembly of different diameters Au nanoparticles 
with complementary oligonucleotides. (B) The distance between 
L- and S-Au nanoparticles which was determined by the 
rationally designed length of oligonucleotides. (C) Number of 
oligonucleotides per particle of L- and S-Au nanoparticles. Inset 
shows the colored product which is catalyzed by L- and S-Au 
nanoparticles that loaded different amounts of oligonucleotides. 
(D) LSPR spectra and the corresponding band peak shifts of Au 
nanohalo (up) and L-nanoparticles (down) during the catalytic 
reaction. Reprinted with permission from [72]. Copyright (2015) 
American Chemical Society.
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oxide supports (TiO2 and ZnO). The overflow of hydrogen, 
the surface dissociation of the reactants and the surface migra-
tion of the chemical intermediates can be monitored on single 
nanoparticle in real time [78].

3.2. Electrocatalysis

Precious metal nanoparticles are important catalysts in electro-
chemical reactions. The electrocatalytic properties of nanopar-
ticles are closely related to their size, shape and surface state. 
Understanding the relationship between particle structure and 
catalytic activity has great significance in improving electro-
catalytic efficiency and facilitating the development of single 
molecule electrochemistry. Metal nanoparticles have been 
widely used in electrochemical catalysis as a functional matrix 
due to their unique chemical and optical properties. The redox 
state of the catalyst surface is a key component in controlling 
the catalytic activity. The electrical signals changes induced 
by the surface redox state at nanoscale are extremely low and 
difficult to observe with conventional electrochemical meth-
ods such as cyclic voltammetry [79, 80]. Due to the high sen-
sitivity of metal nanoparticles to electron density resonance 
and surface modification, it has been applied to study electro-
deposition [80, 81], electrochemical sensing [82] and other 
electrochemical reaction [83–86] at the single particle level.

In particular, plasmonic nanoparticles have more obvious 
advantages to study more complex electrocatalysis which 
has a rapid diffusion of reactants and product molecules. 
Long et al monitored the electrocatalytic oxidation of hydro-
gen peroxide on the surface of individual gold nanoparticles 
using dark-field scattering spectroscopy and electrochemi-
cal method [87]. The nanorods were fixed on an indium tin 
oxide (ITO) slide as a working electrode, two Pt wires were 
respectively used as reference electrode and counter elec-
trode. During cyclic voltammetry scanning, the scattering 
spectra of individual Au nanoparticles were simultaneously 
recorded by a dark-field scattering spectroscopy (figure 9). 
The electrocatalytic mechanism was revealed by the plasmon 
resonance scattering spectral shift of a single gold nanorod. 

The experimental results showed that the bare gold nanoparti-
cles can catalyze the oxidation of H2O2 and the gold atoms on 
the surface participate in the redox reaction by forming gold 
hydroxide/oxide. The presence of chloride ions induced Au to 
form metal ion complexes and inhibited the catalytic activity 
of nanorods for H2O2 oxidation. Most importantly, each nan-
oparticle exhibited different spectral shifts due to its unique 
morphology, conductivity and catalytic ability in the electro-
catalytic process. The results provided an effective guidance 
to screen optimal catalyst parameters as well as understand 
the electrochemical catalytic mechanisms such as electron 
transfer, mass exchange and catalyst poisoning.

Electrochemical conversion enhancement can be directly 
realized by the LSPR effect of the metal nanoparticle. Xia 
et  al directly used the gold nanoparticle LSPR to improve 
the reaction rate and efficiency of electrochemical conversion 
[88]. The researchers systematically studied the electrocata-
lytic oxidation of glucose with different illumination inten-
sity and wavelength. Upon LSPR excitation, hot electron-hole 
generated on gold nanoparticles surface was the essential fac-
tor for the increase of electrocatalytic activity. The plasmon-
accelerated electrochemical reaction mechanism was verified 
by dark-field spectroscopy-electrochemical combination tech-
nique (figure 10). Based on the proposed plasmon-accelerated 
electrochemical reaction mechanism, a plasma-improved glu-
cose electrochemical sensor was constructed. This work pro-
vided a new idea to design electrochemical energy conversion 
and electroanalytical devices.

3.3. Biocatalysis

Single nanoparticle has been widely applied in constructing 
sensitive sensors to monitor biocatalytic processes such as 
the intracellular metabolic enzymatic pathways [89], bioca-
talysis-triggered spectral shift of single Au nanoparticles and 
other special biocatalytic reaction in real time [90–92]. The 
ability of DFM to track individual nanoparticles has been 
widely used to explore the interaction between biomolecules 
and nanoparticles. Many important biocatalytic processes are 

Figure 8. (A) Cu+-catalyzed click reaction at the single-particle level. Dark-field image (B) and corresponding scattering spectra (C) 
of a modified gold nanoparticle on a slide before (I) and after (II) the addition of Cu2+ and sodium ascorbate [74]. John Wiley & Sons. 
Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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accompanied by conformational changes of biomolecules. 
The LSPR of single nanoparticle provides a direct route to 
track micro/nanospace biological processes. Resonance fre-
quency can be adjusted by biomolecule-induced metal growth 
and changes in environmental permittivity. Compared with 
bioluminescence, LSPR is sensitive to the nano-environment 
changes. Dark-field spectroscopy has been widely used to 
measure biocatalytic processes and reaction dynamics.

The high sensitivity of scattering spectrum for a single 
nanoparticle in subtle conformational changes can be used to 
detect DNA-related catalytic reactions. Xia et al used dark-
field spectrometer to detect the scattering spectral shift of 
guanine-rich DNA-modified single Au nanoparticles [93]. 
The conformational change of guanine-rich DNA from a ran-
dom coiled structure to a parallel guanine-quadruplex in the 
presence of KCl resulted in a very little change of dielectric 
around the gold nanoparticle. The spectrometer detected a 
red shift of the scattering spectrum by about 2 nm (figure 11). 
Further binding of the guanine-quadruplex with the hemin and 
the biocatalytic growth of the polymer resulted in a significant 
increase in the refractive index around the gold nanoparticle 

and generated a larger red shift of scattering spectra. The 
results showed that this system was highly sensitive to the 
conformational changes in a small number of surface-attached 
molecules and the biocatalysis process.

According to the work of Xia group, they used a combina-
tion of dark-field and grating spectrometer to detect the cata-
lytic properties of horseradish peroxidase (HRP) on single 
gold nanoparticles (GNPs) for H2O2-diaminobenzidine [90]. 
The catalytic progress and biocatalytic kinetics were moni-
tored by measuring the biocatalytic triggered LSPR changes 
of individual HRP-GNP. single HRP-GNP exhibited a good 
local catalytic activity to H2O2-diaminobenzidine. H2O2 con-
centration in micro/nanospace can be sensitively detected 
with a linear range of 0.01 µM to 5 µM. According to the 
same principles, conformational changes in induced specific 
aptamers can activate surface-dependent autocatalytic growth 
of individual gold nanoparticles. This process can be visual-
ized by DFM in real time and converted to significant plasmon 
resonance Rayleigh scattering changes [91]. This analytical 
technique can detect adenosine triphosphate concentration as 
low as nanomolar. Since this method does not involve special 

Figure 9. (A) Setup of DFM with an electrochemical workstation. (B) Electrocatalytic oxidation of H2O2 on the surface of gold nanorods 
in KNO3 and KCl solutions. (C) Gold nanoparticle with hydroxide/oxide film was partially reduced into Au atom, and H2O2 was oxidized 
into O2 in KNO3 solution (up). Gold nanoparticle was corroded by the formation of gold chloride, and it blocked the catalytic activity 
of gold nanoparticle for oxidation of H2O2 in KCl solution (down). (D)–(F) Scattering spectra peak shift of single nanorod (D) and 
electrochemical current of entire samples (E) under the applied triangular wave potential (F) on the gold nanoparticles. Reprinted with 
permission from [87]. Copyright (2014) American Chemical Society.
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Figure 10. (A) The apparatus of electrochemical LSPR scattering spectroscopy with a dark-field microscope. (B) Dark-field image of the 
Au nanoparticles deposited on ITO. The inset shows the TEM and amplified dark-field images of the 50 nm Au nanoparticle. (C) LSPR 
intensity of a single Au nanoparticle on the ITO electrode in different medium. Black line, 100 mM PBS at the open-circuit potential; red 
line, 100 mM glucose in 100 mM PBS (pH 7.4) at the open-circuit potential; green line, 100 mM glucose in 100 mM PBS at 0.4 V. Reprinted 
with permission from [88]. Copyright (2017) American Chemical Society.

Figure 11. (A) The biocatalysis process of G-DNA-modified gold nanoparticles. (B) Schematic diagram of dark-field spectrometer. 
Reproduced from [93]. Reprinted with permission from Royal Society of Chemistry.
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chemical modifications and sequence engineering of aptam-
ers, it can be applied to any suitable aptamer. It is highly suit-
able for both in vitro and in vivo parallel detection.

Not only the biomolecule-induced changes in metal growth 
(size, shape), but the catalytic metal nanoparticles can be used 
to detect the biocatalytic reaction. Catalytic-based Au nano-
particles can be non-covalently combined with DNA-based 
nanotechnology to detect DNA hybridization with aptamer 
[94]. Bioanalysis in biological fluids can also be achieved 
using Au nanoparticles with stronger surface-sensitive 
ligands. Au nanoparticle has high cellular uptake capacity in 
various cell types without significant cytotoxicity. It is possi-
ble to design a system for tracking cellular events in real time 
by using this catalytic Au probe.

The interaction between nucleic acids and proteins is criti-
cal to the processing of genetic information. A molecular scale 
can be established by attaching double-stranded DNA to Au 
nanoparticles. The plasmon resonance wavelength change of 
the Au-DNA depends on the length of dsDNA, and an aver-
age wavelength shift of about 1.24 nm per DNA base pair was 
observed [93]. The system allows unlabeled, quantitative, real 
time measurement of nuclease activity and precisely detects 
the specific binding of proteins to DNA which induced length 
changes.

4. Perspective and outlook

This review summarized the recent development of single 
nanoparticle dark-field spectroscopy in high-throughput, 
high-resolution, high-accuracy, and its applications in vari-
ous catalytic reactions. It shows that advances in spectro-
meters, light sources, and other accessories greatly improved 
the imaging capabilities of dark-field spectroscopy, and have 
made it become an important tool to image single nanopar-
ticles and take the corresponding spectra. Catalytic reactions 
can cause changes in single nanoparticles structure and the 
environmental permittivity, which are the main influencing 
factors in the scattering spectrum of single nanoparticles. So, 
dark-field spectroscopy can be used to determine the rela-
tionship between structure and catalytic activity at the single 
nanoparticle level.

Researchers have used dark-field spectroscopy to study a 
series catalytic reactions of redox reaction, electrochemical 
conversion and DNAzyme catalysis etc. Many mechanisms 
have been revealed in this method, such as the electrons trans-
fer during the redox reaction, the plasmon-accelerated electro-
chemical reaction mechanism, enzyme catalytic mechanism 
and so on. The applications of dark-field spectroscopy tech-
nique in the single nanoparticle catalysis not only can detect 
the catalytic reaction process and catalytic mechanism, but 
also have substantial significance in screening highly active 
and selective catalysts. Dark-field spectroscopy technique is 
also significant in biocatalysis. Biocatalytic reactions play a 
key role in the metabolism, energy production and exchange 
in biological systems. The detection of these biocatalytic reac-
tion by dark-field spectroscopy may provide new opportunities 
for drug screening, disease diagnosis and cancer treatment.

However, it still has some shortcoming in the sensitivity, 
resolution of dark-field spectrometer and scope application in 
catalytic reaction. Firstly. adsorption or binding of a single 
molecule to single nanoparticles is still difficult to detect. At 
present dark-field scattering spectroscopy techniques mainly 
detect the reactions at the single particle level. The high-
throughput and the high-resolution cannot be obtained simul-
taneously. Therefore, improvements in the hardware (structure 
and filter materials) and software (data processing methods) 
of the spectrometer are needed to further enhance the spec-
tral acquisition performance of spectrometer. Alternatively, 
the spectrometer can be coupled to other instruments that 
measure single nanoparticle catalysis. For example, coupling 
the spectro meter to surface enhanced Raman spectroscopy 
which can recorded chemical map simultaneously. The optical 
response of a single plasmonic particle to which the molecu-
lar reporters are chemisorbed can be located and measured. 
What’s more, specific metal nanoparticles are generally used 
as probe to detect the reactions and it may limit the application 
in various catalytic reactions. The combinations of plasmonic 
elements with non-plasmonic nanocatalysts also can produce 
obvious LSPR effects. This feature provides possibility for 
the detection of non-plasmonic nanocatalysts and catalytic 
reactions. In addition, some non-metal nanoparticles such as 
quantum dots [95] recently have been found to exhibit strong 
Rayleigh scattering, so it is possible to expand the single nan-
oparticles of non-metallic materials.
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