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This tutorial review covers recent developments in using single-molecule fluorescence microscopy

to study nanoscale catalysis. The single-molecule approach enables following catalytic and

electrocatalytic reactions on nanocatalysts, including metal nanoparticles and carbon nanotubes, at

single-reaction temporal resolution and nanometer spatial precision. Real-time, in situ, multiplexed

measurements are readily achievable under ambient solution conditions. These studies provide

unprecedented insights into catalytic mechanism, reactivity, selectivity, and dynamics in spite of the

inhomogeneity and temporal variations of catalyst structures. Prospects, generality, and limitations

of the single-molecule fluorescence approach for studying nanocatalysis are also discussed.

1. Introduction

Imagine you can see a single reactant molecule, landing on a

catalyst particle, transform into a product molecule. Imagine

you can watch these individual reactions continuously, in real

time, and for as long as you would like. Imagine you can

pinpoint, with molecular precision, the site where the reaction

occurs on the catalyst particle. Imagine your observations are

chemically specific, where different molecules appear in different

colors, and you can observe reactions on many catalyst particles

simultaneously. Imagine all these observations can be done in

solution conditions using a bench-top optical microscope!
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Such capabilities will enable answering many fundamental

questions about nanoscale catalysts, such as those that

catalyze energy conversion reactions in photoelectrochemical

cells and fuel cells. They will allow us to quantify the chemical

reactivity of catalysts with the highest sensitivity possible,

regardless of the inhomogeneity among catalyst particles,

even if the catalyst may undergo structural changes during

reactions. The knowledge obtained will guide us to improve

the performance of existing catalysts and design new ones,

both crucial for meeting society’s energy challenge.

Among many techniques scanning probe microscopy has

arguably the highest spatial resolution for imaging single

molecules. Atomic resolution, which naturally offers chemical

specificity, is achievable. However, real-time, solution

condition measurements are technically challenging and flat

surfaces are necessary. Inherently the scanning approach

cannot perform parallel observations of multiple molecules,

although fast scanning rates offer a way toward it. Recent

advances in scanning transmission X-ray microscopy (STXM)

made it possible to scrutinize the structure and chemical

nature of single catalyst particles in situ, but STXM does not

yet have single-molecule sensitivity.1

Our group has been working toward these capabilities

through an alternative approach—single-molecule fluorescence

microscopy.2–9 We visualize individual reactions on nanoscale

catalysts by detecting a fluorescent product at the single-

molecule level. This approach builds on the pioneering work

in single-enzyme studies,10–15 and it has also been employed

recently in studying micro- and nano-scale solid catalysts.16,17

The single-molecule fluorescence approach offers many

advantages in studying catalysis at the nanoscale: (1) real-time,

single-reaction temporal resolution (i.e., the highest sensitivity

possible), (2) single-particle (or sometimes single-reactive-site)

resolution in imaging nanoscale catalysis, (3) tens of nano-

meter in spatial precision from super-resolution optical

imaging, (4) chemical specificity from spectral selection of

fluorescence, (5) multiplexed observation from wide-field

imaging, (6) in situ measurements under ambient solution

conditions from optical detection, and (7) continuous,

steady-state reaction conditions via coupling to a flow cell.

The single-molecule fluorescence approach also overcomes a

major obstacle in studying nanoscale catalysts: their structural

inhomogeneity—for example, individual metal catalyst

particles differ in structure (e.g., size and shape) from one to

another and under reaction conditions often vary from time to

time (so-called static and dynamic structural inhomogeneity,

respectively).18–21 The real-time single-reaction resolution of

the single-molecule approach allows studying behaviors of

individual catalysts in real time in contrast to the ensemble-

averaged measurements.

Our group has used the single-molecule fluorescence

approach to study two types of nanoscale catalysts: metal

nanoparticles and carbon nanotubes. For the first type, we

have studied the chemical catalysis by Au nanoparticles at the

single-particle, single-turnover resolution. For the second, we

have studied the electrocatalysis by single-walled carbon

nanotubes at the single-reactive-site, single-reaction resolution.

Here we review the methodology and some of the results,

highlight the relevant insights into the activity of the catalysts,

and discuss the limitations and generality of the single-

molecule approach as well as the scientific opportunities

emerging from present progress. Part of the contents here

overlap with our earlier reviews on related subjects but of

different focuses.5,7,9 We also refer the readers to the reviews

by Braüchle, Hofkens, and Majima in the same issue of this

journal on other single-molecule studies of catalysts, as well as

an earlier perspective article from us that reviews related

single-nanoparticle and single-molecule electrochemistry

studies.9 A recent general review by Weckhuysen et al.

summarizes modern spatiotemporal studies of catalytic solids.22

2. Catalysis by metal nanoparticles

Metal nanoparticles are important catalysts for petroleum

processing and energy conversion reactions. Among a population

of nanoparticles, there is always some structural dispersion:

individual nanoparticles differ in size and shape.18 Moreover,

owing to their nanometer dimension they have high surface

energy; under catalysis each nanoparticle can undergo

dynamic surface restructuring or even large shape changes.18,19

These particle- and time-dependent structural variations of

nanoparticles necessitate studying them at the single-particle

level in real time.

Single-nanoparticle catalysis at single-turnover resolution

Fig. 1A and B depict our single-molecule fluorescence

approach to study catalysis on individual metal nanoparticles.2,5

We disperse and immobilize the nanoparticles on a quartz

slide so the individual nanoparticles are separated by many

Fig. 1 Single-nanoparticle catalysis at single-turnover resolution.

(A) Experimental scheme using total internal reflection (TIR) fluores-

cence microscopy with 532 nm laser excitation and a liquid flow cell

made between a slide and a coverslip. (B) Schematic of nanoparticle

immobilization on the slide and the fluorogenic catalytic reaction. The

green gradient depicts the evanescent field of TIR excitation.

(C) Typical fluorescence image (B18 � 18 mm2) of catalysis by Au

nanoparticles of 6.0 � 1.7 nm in diameter. (D) Segment of the

fluorescence trajectory from the fluorescence spot marked by the

arrow in C. Fig. C and D adapted from Xu et al.2
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microns. We design a reaction, catalyzed by the nanoparticles,

that converts a non-fluorescent substrate molecule to a

fluorescent product molecule. With the substrate solution

flowing above the nanoparticles, each catalytic reaction on a

nanoparticle generates a fluorescent product. Under laser

excitation each product formation event results in a burst of

fluorescence signal that can be imaged readily using total

internal reflection fluorescence microscopy, giving real-time

single-reaction resolution detection of single nanoparticle

catalysis. Because the reaction products are continuously

generated, such experiments allow monitoring reactions on a

single nanoparticle for extended time without the limit of

fluorescence photobleaching. This single-molecule approach

can differentiate the catalytic behaviors not only from one

particle to another but also from one time point to another for

each nanoparticle.

Our specific system is the Au nanoparticle-catalyzed

reduction of resazurin to resorufin by NH2OH in aqueous

solutions (Fig. 1B). The highly fluorescent molecule resorufin

is the target of single-molecule detection. Fig. 1C shows a

typical fluorescence image from a real-time movie of catalysis

by pseudo-spherical Au nanoparticles of 6.0 � 1.7 nm in

diameter. The discrete, localized bright spots, each of

diffraction-limited size (FWHM B400 nm), are the fluores-

cence signals of product molecules adsorbed on individual Au

nanoparticles. In the movie, each of these bright spots

‘‘flashes’’, like flashing stars in a dark sky, where each flash

is one reaction (i.e., one turnover) catalyzed by one Au

nanoparticle.

The typical fluorescence intensity versus time trajectory

from one nanoparticle contains stochastic off–on bursts

(Fig. 1D). The digital nature of the fluorescence trajectory

and the consistent height of the on-level are characteristic of

single-molecule behaviors. Each sudden intensity increase in

the trajectory marks a product formation event on the nano-

particle; each sudden intensity decrease marks a product

dissociation event from the nanoparticle; and each off�on
cycle corresponds to a complete single turnover. (The photo-

bleaching and photoblinking of the fluorescent product are

insignificant under our laser excitation intensity.2) The actual

chemical transformations of catalysis and dissociation occur

at sub-picosecond timescales and are irresolvable in these

single-molecule fluorescence trajectories. Once the product

molecule leaves the nanoparticle surface, it becomes undetect-

able because of its rapid diffusion in solution and is carried

away by the solution flow.

Kinetic mechanism and size-dependent catalytic activity

In the fluorescence turnover trajectories (Fig. 1D), the

temporal resolution of the two stochastic variables, toff and

ton, so-called waiting times, dissects the catalytic kinetics into

two parts: toff contains the kinetics of the catalytic product

formation reaction, and ton contains that of the product

dissociation. Under saturating NH2OH concentrations, we

found that the catalytic product formation reaction follows a

Langmuir-Hinshelwood mechanism: a Au nanoparticle

catalyzes the conversion of the substrate resazurin to the

product resorufin while maintaining a fast adsorption

equilibrium of the substrate (Fig. 2A, reaction i). For product

dissociation, two parallel pathways exist: one a substrate-

assisted pathway, in which the nanoparticle binds a substrate

first before the product leaves the nanoparticle surface

(reaction ii and iii), and the other a direct dissociation pathway

(reaction iv).

This kinetic mechanism is experimentally manifested by the

substrate concentration ([S]) dependences of htoffi�1 and

htoni�1 (h i denotes averaging), which represent the time-

averaged single-particle rates of product formation and

product dissociation, respectively. When averaged over many

nanoparticles, both htoffi�1 and htoni�1 show saturation

kinetics (Fig. 2B and C), and their behaviors are quantitatively

described by the following equations:2,3,7

htoffi�1 ¼
geffK1½S�
1þ K1½S�

ð1aÞ

htoni�1 ¼
k2K2½S� þ k3

1þ K2½S�
ð1bÞ

The kinetic parameters here are defined in Fig. 2A, and K2 =

k1/(k�1 + k2). When [S] - N, htoffi�1 equals geff and htoni�1
equals k2, where geff is the single-particle catalytic rate constant
that represents the combined reactivity of all surface catalytic

sites and k2 is the product dissociation rate constant in the

substrate-assisted pathway. It is worth noting that in ensemble-

averaged experiments it is difficult to deconvolute the [S]

dependence of the product dissociation kinetics from that of

the catalytic product formation kinetics. Yet with single-

nanoparticle measurements, the temporal resolution of toff
and ton enables dissecting them cleanly.

The resolution of toff and ton also allowed us to probe the

size-dependent kinetics of both the catalytic product

formation reaction and the product dissociation reaction: Au

nanoparticles of different sizes differ in the initial slopes and

eventual saturation levels in the [S] dependences of their

htoffi�1 and htoni�1 (Fig. 2B and C).6 A number of kinetic

parameters show clear size dependence (Fig. 2D–G), including

K1, the substrate adsorption equilibrium constant, geff/A, the
catalytic rate constant per surface area (A), k2, the product

dissociation rate constant in the substrate-assisted pathway,

and k3, the rate constant for direct product dissociation.

These size-dependent kinetic parameters can be analyzed

quantitatively using a classical thermodynamic model from

Parmon and Murzin (Fig. 2D–G). This model approximates a

metal nanoparticle as a continuous phase and attributes its size

effect to changes in its chemical potential from surface

tension.23,24 The changes in chemical potential are then

translated to changes in reaction kinetics through the

Brønsted-Polanyi relation. This treatment is applicable for

particles containing more than B100 atoms, for which their

energy level splitting is much smaller than the thermal energy

and the quantum size effect is negligible.23 For gold, this size

regime encompasses particles of larger than B2 nm in

diameter. The Brønsted-Polanyi parameters extracted from

fitting the data provide information on the transition states

of both the catalytic product formation and the product

dissociation reactions.6
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Size-dependent selectivity in parallel reaction pathways

In the kinetic mechanism (Fig. 2A), the product dissociation

contains two parallel reaction pathways. For a single Au

nanoparticle, it may prefer one pathway to the other or take

the two pathways equally. This differential preference

(i.e., selectivity) between parallel reaction pathways can be

probed directly by examining the kinetics of a single Au

nanoparticle.

Experimentally, the selectivity of a single Au nanoparticle in

the product dissociation reactions is manifested by the [S]

dependence of its htoni�1. From eqn (1b), when [S] - 0,

htoni�1=k3, i.e., the direct dissociation dominates; when

[S] - N, htoni�1 = k2, i.e., the high [S] drives the product

dissociation to the substrate-assisted pathway. If k2 and k3
(i.e., the product dissociation rate constants in the two

pathways) differ in their relative magnitudes, htoni�1 will have
three types of kinetic behaviours: (I) asymptotic increase with

increasing [S] if k2 > k3, i.e., the nanoparticle prefers the

substrate-assisted dissociation pathway; (II) asymptotic

decrease if k2 o k3, i.e., the nanoparticle prefers the direct

dissociation pathway; and (III) constant at any [S] if k2 = k3,

i.e., the nanoparticle takes the two pathways equally, or if

K2 = 0. For 6.0 � 1.7 nm Au nanoparticles, all three types are

observed and they have different subpopulations (Fig. 3A

and B): 66% of them are type-I, 19% are type-II, and 15%

are type-III. This differential selectivity between parallel

reaction pathways is completely hidden in ensemble-averaged

Fig. 3 Size-dependent selectivity in parallel product dissociation

pathways. (A) Resazurin concentration dependence of htoni�1 from

three 6.0 nm Au nanoparticles of type I, II, and III behaviors. Solid

lines are fits with eqn (1b). (B) Size-dependent relative subpopulations

of Type I, II, and III kinetic behaviors. Figure A adapted from

Xu et al.2 Figure B adapted with permission from Zhou et al.;6

Copyright 2010 American Chemical Society.

Fig. 2 Kinetic mechanism and size-dependent catalytic activity. (A) Schematic of the kinetic mechanism. Aum: Au nanoparticle; S: resazurin;

P: resorufin. Aum-Sn represents a Au nanoparticle having n adsorbed substrate molecules at adsorption equilibrium. The fluorescence state

(on or off) of the nanoparticle is indicated at each reaction stage. geff = knT and represents the combined reactivity of all surface catalytic sites of a

nanoparticle. k is a rate constant representing the reactivity per catalytic site for the catalytic conversion. nT is the total number of surface catalytic

sites on one Au nanoparticle. yS is the fraction of catalytic sites that are occupied by substrates and equals K1[S]/(1 + K1[S]), where K1 is the

substrate adsorption equilibrium constant. (B, C) Substrate resazurin concentration titrations of htoffi�1 and htoni�1 of 6.0 � 1.7, 9.1 � 1.5, and

13.7 � 2.4 nm Au nanoparticles. Each data point is averaged over the turnover trajectories of many nanoparticles. Solid lines are fits with eqn (1a)

and (1b). (D, E, F, G), Thermodynamic analyses of the size dependences of kinetic parameters. Solid lines are fits from a classical thermodynamic

model.6 Figure A adapted from Xu et al.2 Figures B�G adapted with permission from Zhou et al.;6 Copyright 2010 American Chemical Society.
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measurements, in which type-I nanoparticles dominate and the

direct dissociation pathway is unidentifiable (Fig. 2C).

Strikingly, the subpopulations shift among the three types

of kinetic behaviors when the particle size changes: with

increasing size, the subpopulations of type I and II behaviors

decrease while that of type III increases (Fig. 3B). As type III

particles have nearly equal reactivity in the two parallel

product dissociation pathways (i.e., k2 E k3), the increase in

their subpopulation indicates that larger Au nanoparticles are

less selective in the product dissociation reactions. Therefore,

these subpopulation shifts demonstrate that tuning nano-

particle size can tune reaction selectivity besides tuning activity

as described earlier.

Coupling between dynamic surface restructuring and catalysis

Due to their size, metal nanoparticles have high surface

energy, and their surface structures are dynamic especially

under catalysis where the constantly changing adsorbate�
surface interactions can further induce the surface to

reconstruct.19 This structural dynamics inevitably leads to

dynamic activity fluctuations of a single nanoparticle. These

activity fluctuations are challenging to observe in ensemble-

averaged measurements, as they are asynchronous from one

particle to another. Real-time single-nanoparticle measure-

ments can directly probe these dynamic activity fluctuations,

for example as manifested in the temporal variations in the

rate of turnovers for a single 6.0 nm Au nanoparticle

(Fig. 4A).

These dynamic activity fluctuations have contributions from

the reaction rate changes of both the toff reaction (catalytic

product formation) and the ton reaction (product dissociation).

These two contributions can be evaluated separately for each

nanoparticle by extracting out the sequences of individual

toff and ton from the fluorescence turnover trajectory

and analyzing their autocorrelation functions Ct(m) =

hDt(0)Dt(m)i/hDt2i.25 Here t is either toff or ton, m is the

turnover index number in the sequences, and Dt(m) =

t(m) � hti. Fig. 4B shows an exemplary Ctoff(m) of a 6.0 nm

Au nanoparticle. Its exponential decay behavior manifests the

activity fluctuation in the catalytic product formation

reaction. The time constant of this exponential decay gives

the fluctuation correlation time, which is also the timescale of

the underlying surface restructuring dynamics.

The catalysis-induced nature of the activity fluctuations and

the underlying surface restructuring are directly supported by

the positive correlation between the activity fluctuation rates

(i.e., the inverse of the fluctuation correlation times) and the

rate of turnovers. For all three sizes of Au nanoparticles that

we studied, the activity fluctuation rates increase with

increasing rate of turnovers, following approximately linear

correlations (Fig. 4C). Linear extrapolations to zero rate of

turnovers result in positive intercepts, which give the approxi-

mate rates of spontaneous (as compared with catalysis-

induced) surface restructuring dynamics for Au nanoparticles

in an aqueous environment, corresponding to timescales of

tens to hundreds of seconds. Furthermore, larger nano-

particles always have slower activity fluctuation rates, both

at any rate of turnovers and at the extrapolated zero rate of

turnovers. This indicates slower dynamic surface restructuring

for larger nanoparticles, consistent with their surface atoms

Fig. 4 Surface-restructuring-coupled catalytic dynamics. (A) Trajectory of rate of turnovers for a single 6.0 nm Au nanoparticle at a saturating

substrate concentration. (B) Autocorrelation function of toff derived from the same fluorescence turnover trajectory as that in A. Solid line is an

exponential fit. (C) Dependence of the activity fluctuation rates (the inverse of fluctuation correlation times) of the toff reaction on the rate of

turnovers for three different sizes of Au nanoparticles. (D) Surface restructuring rate (r) dependence on the rate of turnovers (v) and the

nanoparticle diameter (d). Dots are experimental data. The meshed surface is a fit with the thermodynamic model in the text. (E, F) Size

dependence of the activation energy (DEsp) and the rate (rsp) of the spontaneous dynamic surface restructuring of Au nanoparticles. The

gray shades denote the approximate errors. Figures A, B adapted from Xu et al.2 Figures C�F adapted with permission from Zhou et al.;6

Copyright 2010 American Chemical Society.
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