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Understanding the catalytic properties of nanoparticles is fundamentally important, but hampered by the
intrinsic heterogeneity following from their structural dispersions and dynamics. This obstacle can be
overcome if one can follow the catalysis of individual nanoparticles in real time. This article summarizes
recent developments in using single-molecule fluorescence microscopy to study single nanoparticle

catalysis. These studies reveal and quantify heterogeneous and dynamic behavior of individual nanopar-
ticles that highlight the intricate interplay between catalysis, heterogeneous reactivity, variable surface
sites, and surface restructuring dynamics in nanocatalysis. Challenges and future directions in single-
nanoparticle catalysis research are also discussed.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Nanoparticles of various materials can catalyze a multitude of
chemical transformations for processing petroleum, oxidizing pol-
lutants, and converting chemical energy to electricity [1-16].
Partly owing to their increased surface-to-volume ratio and new
electronic properties from quantum confinement, nanoparticles of-
ten have new or superior catalytic activity, compared with their
corresponding bulk materials [1-16]. The current global energy
challenge has enhanced the enthusiasm in nanoparticle catalysts,
as they are key components in photoelectrochemical cells and fuel
cells [17]. To understand the fundamental principles governing
their catalytic properties, intense efforts have thus been made to
characterize the structure and the activity of nanoparticles.

On the structure side, nanoparticles can be studied individually,
sometimes even in situ, down to atomic resolution with advanced
transmission electron microscopy [4,10,11,13,14], scanning-probe
microscopy [8,12], or X-ray diffraction [18]. On the activity side,
in contrast, nanoparticles have been mainly studied at the ensemble
level, obtaining their averaged catalytic properties. The ensemble-
averaged characterization is fundamentally inadequate, however,
owing to the intrinsic activity heterogeneity of nanoparticles that
arises from their two characteristics: First, there is always struc-
tural dispersion among a population of nanoparticles, with differ-
ent sizes and shapes; even for a single nanoparticle, its surface
has a variable distribution of atoms on corners, edges, and facets
[4,19,20]. Do these nanoparticles have identical activity then?
The answer is expectedly ‘no’. But, more important, how different
are they, and can we correlate the distribution of their structure
with that of their activity? Second, the structures of nanoparticles,
especially on their surfaces, are dynamic during catalysis; large
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morphology changes and surface restructuring can occur because
of constantly changing adsorbate-surface interactions in catalysis
[1,4,14,15,20-24]. These structural changes will cause temporal
activity fluctuations that are asynchronous among the nanoparti-
cles. How do we then think about the temporal behaviors of nano-
particle catalysis?

To address the above questions, one needs to study nanoparticle
catalysis at the single-particle level in real time, preferably with
single-turnover resolution. A few research groups have reported
electrochemistry measurements on a single nanoelectrode or
nanoparticle by detecting electric currents [25-30]. Using surface
plasmon spectroscopy, Novo et al. observed the steady-state accu-
mulation of redox reactions catalyzed by single Au nanocrystals
[31]. Nevertheless, how heterogeneous the nanoparticle activities
are and how individual nanoparticles behave temporally remain
to be elucidated.

Our group recently reported a single-molecule approach to
study nanoparticle catalysis at the single-particle level [32-34].
We used single-molecule microscopy of fluorogenic reactions, a
strategy started in single-enzyme studies [35-38], and later ap-
plied as well to microcrystal catalysts [39]. In this approach, we de-
tect the fluorescence of a catalytic product at the single-molecule
level to monitor redox catalysis by individual Au nanoparticles at
single-turnover resolution under ambient conditions. In this arti-
cle, we review the methodology, the results, and the information
content of the single-molecule study of nanocatalysis; we also dis-
cuss the challenges and provide an outlook to the future
developments.

2. Single-molecule fluorescence approach to nanocatalysis

Our approach is based on the single-molecule detection of fluo-
rogenic reactions. We discovered that colloidal Au nanoparticles
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Fig. 1. Single-turnover detection of single Au nanoparticle catalysis. (A) Experi-
mental design using total internal reflection fluorescence microscopy with 532-nm
laser excitation. (B) Typical image (~18 x 18 pm?) of fluorescent products during
catalysis by 6-nm Au-nanoparticles. (C) Segment of the fluorescence trajectory from
the fluorescence spot marked by the arrow in B. Figures adapted from Ref. [32].

catalyze the fluorogenic reduction of nonfluorescent resazurin to
highly fluorescent resorufin by NH,OH in aqueous solutions [32].
These colloidal Au nanoparticles are prepared from citrate reduc-
tion of HAuCly in aqueous solutions [40,41], and their surfaces have
adsorbed citrate ions making them negatively charged and stabled
as colloids. Fig. 1A depicts our experimental design using total
internal reflection fluorescence microscopy. Au nanoparticles are
immobilized on an amine-coated, positively charged glass surface
at low density so individual nanoparticles are separated spatially
by micrometer scale. The nonfluorescent substrate resazurin and
the reductant NH,OH are kept in a flowing solution above. Each
reaction catalyzed by a Au nanoparticle produces a fluorescent
product resorufin on the nanoparticle surface. This product mole-
cule emits hundreds or more of fluorescence photons under laser
excitation before it dissociates from the nanoparticle and becomes
undetectable because of its fast diffusion in solution. At the single-
molecule imaging condition, the catalysis gives out stochastic bursts
of fluorescence signals at localized spots on the glass slide where
individual Au nanoparticles reside; each burst of fluorescence is
one product, i.e., one turnover, catalyzed by a single Au nanoparti-
cle. Fig. 1B shows a typical fluorescence image of catalysis by 6-nm
spherical Au-nanoparticles; the image contains localized, discrete
fluorescence spots of diffraction-limited size (~300 nm in width).

A typical time trajectory of fluorescence intensity from one of
these fluorescence spots contains stochastic off-on signals
(Fig. 1C). The digital nature of the trajectory and the consistent
height of the on-level are characteristic of single-molecule fluores-
cence detection. Each sudden intensity increase in the trajectory
marks a product formation on the nanoparticle; each decrease
marks a product dissociation from the nanoparticle; and each
off-on cycle corresponds to a single-turnover of a catalytic forma-
tion of a product on one nanoparticle and its subsequent dissocia-
tion. The actual chemical transformations of catalysis and
dissociation occur on the sub-picosecond timescale and are irre-
solvable in single-molecule fluorescence measurements.

Because the reaction products are continuously generated, such
experiments can monitor reactions of a single Au nanoparticle for
extended time without the limit of fluorescence photobleaching.
With these real-time turnover trajectories of single nanoparticles,

one can: (1) Determine the reaction rate (i.e., activity) of a single
nanoparticle. (2) Determine the kinetic mechanism of the cata-
lyzed reaction. (3) Obtain the distribution of the catalytic proper-
ties of nanoparticles. (4) Analyze the temporal dynamics of the
turnover events of a single nanoparticle. In the following, we dis-
cuss the information content in these single-particle turnover tra-
jectories and their quantitative analyses, focusing on the results of
6-nm spherical Au nanoparticles.

3. Information content
3.1. Direct observation of multiple active sites

The single-molecule approach to nanocatalysis can direct ob-
serve the multiplicity of active sites on the surface of a single Au
nanoparticle. In some single-particle turnover trajectories, the
fluorescence bursts occasionally show multiple on-levels (Fig. 2).
These multi-level events indicate that a new resorufin product is
generated on the nanoparticle surface before earlier ones dissoci-
ate away, and therefore, directly reflect the multitude of either cat-
alytic sites that can exhibit parallel catalysis, or docking sites
where products can stay on the Au nanoparticle surface before dis-
sociation. For the Au nanoparticles studied here, both catalytic
sites and product docking sites are present (see Section 3.6).

3.2. Kinetic mechanism of catalysis

In the single-particle turnover trajectories (Fig. 1C), the actual
events of catalytic product formation or product dissociation are
irresolvable and appear as sudden intensity jumps. However, the
time needed (the ‘waiting time’) for substrate diffusion, binding,
or thermal activation before such an event is usually much longer.
The 7o¢ and 7,, are the two waiting times and the most important
observables in these turnover trajectories. Resolving them enables
the analysis of the kinetic mechanism in two parts separately: Tog
is the waiting time before each product formation, and 7., is the
waiting time for product dissociation after its formation. The indi-
vidual values of 7.4 and 7., are stochastic, but their statistical
properties, such as average values and distributions, are defined
by the underlying reaction kinetics, and thus report the kinetic
mechanism of the catalysis.

To simplify the kinetics and to focus on the resazurin reduction,
we performed all catalysis experiments under a saturating NH,OH
concentration, so the explicit term for NH,OH can be omitted from
the kinetic mechanism. Under this condition, the catalytic conver-
sion reaction of resazurin to resorufin, which is contained in T,
follows the Langmuir-Hinshelwood mechanism for heterogeneous
catalysis [42] - the nanoparticle catalyzes the conversion of the
substrate resazurin to the product resorufin while maintaining a
fast substrate adsorption equilibrium (Fig. 3A, reaction (i)); the
number of adsorbed substrate molecules follows the Langmuir
adsorption isotherm. This kinetic mechanism is reflected by the
resazurin concentration ([S]) dependence of (to) ' (( ) denotes
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Fig. 2. Segment of a fluorescence turnover trajectory of a 6-nm Au nanoparticle
showing two on-levels. Figure taken from Ref. [32].



P. Chen et al./Chemical Physics Letters 470 (2009) 151-157 153

A B o
Off-state On-state Off-state
Au,-S, Au,-S, P Au,-S, , "o 0.2 ;
¥, E g 14
Sk #S Z%nbs sS4 e p ks sk * v
¥ ) * . S %k * .0 . .
S N’ ° S Y’ S P s %o 05 10
S S s s [resazurin] (uM)
k, k_1H/k1[S] (i) Cc
P 2.04
(iii) s —
* #P '&L 1.5
S S N
* Catalytic site W 1.0
. . S %k *S v
# Docking site g j 0.54
Au,-S P 0.0 +
0.0 0.5 1.0
On-state [resazurin] (uM)

Fig. 3. Kinetic mechanism of catalysis. (A) Schematic of the kinetic mechanism. Au,,: Au-nanoparticle; S: resazurin; P: resorufin. Au,,,-S, 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. (B and C) Resazurin
concentration dependence of (o) "' and (7o) ' Data here are averaged over many Au nanoparticles. Solid lines are fits with Egs. (1) and (2) with yeg=0.28 s7!, K; =6 pM~',
k;=225"1, K, =16 uM~!, and ks = 0 s~'. Note here the values of the kinetic parameters are the average of many nanoparticles. Figures taken from Ref. [32].

averaging), which represents the time-averaged single-particle
rate of product formation. With increasing [S], (to) ! exhibits sat-
uration kinetics (Fig. 3B); this dependence is described quantita-
tively by the single-molecule Langmuir-Hinshelwood equation
[32,33]:

VertK1[S]

= knrfs = 58— (1)
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Here fui(7) is the probability density function of 7; k is the cata-
lytic rate constant for one catalytic site; ny is the total number of
surface catalytic sites on one Au nanoparticle; 0s is the fraction of
substrate-occupied catalytic sites; K; is the substrate adsorption
equilibrium constant; and Yeg = kny, representing the combined
reactivity of all surface catalytic sites on one Au nanoparticle. In
the (tog) ! versus [S] curve (Fig. 3B), the saturation level and initial
slope are 7yesr and Yesq, respectively.

On a related note, the single-molecule Langmuir-Hinshelwood
equation explicitly includes the multiplicity of catalytic sites. This
feature is advantageous, as well as makes it applicable, for treating
single-molecule kinetics of oligomeric enzymes that contain multi-
ple catalytic sites, as compared with the single-molecule Michae-
lis-Menten equation, which uses a one-site, one-substrate model
[33,43].

For the dissociation of the product resorufin, which is contained
in 7., the reaction kinetics includes two parallel reaction path-
ways: one a substrate-assisted product dissociation pathway, in
which the nanoparticle binds a substrate first before the product
leaves the particle surface (Fig. 3A, reactions (ii) and (iii)), and
the other a direct dissociation pathway (Fig. 3A, reaction (iv)).
The substrate-assisted dissociation pathway is reflected by the
[S] dependence of (t,,)~", the time-averaged single-particle rate
of product dissociation - with increasing [S], (ton) ! increases
and eventually saturates (Fig. 3C). The direct dissociation pathway
is reflected by the value of (7,,)~! at [S] — 0. The equation that
quantifies the overall [S] dependence of (to,) ! is:

_ 1  kaKo[S] + ks
"5 Um(ndt T 14K

Here f,n(7) is the probability density function of 7., k; is the rate
constant of product dissociation in the substrate-assisted pathway
(reaction (iii)), ks is the rate constant of direct product dissociation
(reaction (iv)), and K; = kq/(k_q + k3) (Fig. 3A). ks, the rate constant

<"7on>_1

(2)

for the direct dissociation pathway is irresolvable when the data
are averaged over many Au nanoparticles (Fig. 3C), but it is clearly
identifiable when looking at (t,,)~"! versus [S] for a single particle
(see Section 3.4).

3.3. Heterogeneity in catalytic reactivity

The structural dispersion among nanoparticles suggests that
individual nanoparticles should have different reactivity, but quan-
tifying just how different they are has been challenging. Single-
particle measurements can directly examine and quantify the het-
erogeneity in catalytic reactivity of Au nanoparticles. On a single-
particle basis, Eq. (1) predicts the catalytic product formation rate
(Toff) ! to show variable saturation levels and initial slopes, if dif-
ferent Au nanoparticles have heterogeneous catalytic reactivity
(yefr) and substrate binding affinity (K;). Experimentally, different
nanoparticles indeed show distinct saturation levels and initial
slopes in their (zoq) ! versus [S] titration curves (Fig. 4A); from
these curves, ¢ and K; of each nanoparticle can be extracted.

Alternatively, yes can be obtained from the distribution of the
Tofr from a single-particle turnover trajectory. At saturating resazu-
rin concentrations (i.e., [S] > 1 uM for the 6-nm Au nanoparticles),
all nanoparticle surface catalytic sites are occupied by substrates,
and fo(7), the probability density function of 7.y is related to
the kinetic parameters as for(7) = YerreXP(—YerT) [32,33]. Therefore,
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Fig. 4. Heterogeneity in catalytic reactivity. (A) Resazurin concentration depen-
dence of (t,f) "' from three Au nanoparticles. Solid lines are fits with Eq. (1). (B)
Distributions of 7,¢ from a single trajectory at a saturating [S]. Solid line is a single-
exponential fit with y.5=0.33s~'. Inset: distribution of 7. from many Au

nanoparticles; solid line is a Gaussian fit. Figures taken from Refs. [32,34].
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Fig. 5. Differential selectivity between parallel reaction pathways. Resazurin
concentration dependence of (t,,)~! from three Au nanoparticles of type-I, type-
I, and type-Ill. Solid lines are fits with Eq. (2): for the type-I nanoparticle,
k;=32s5"', Ky=67uM™!, and k;=0.15s"'; for the type-ll, k,=1.8s",
K;=28 uM™!, and ks =4.1s""; for the type-lll, ky=k3=2.4s"" (or k;=0), and
K, = arbitrary value. Figure adapted from Ref. [32].

fitting the distribution of 7, from a single-particle trajectory with
an exponential function gives y.¢ directly (Fig. 4B); here the large
number of turnover events in a single trajectory also ensures the
statistical accuracy of the value of )¢ From analyzing many sin-
gle-particle trajectories, we can obtain the distribution of 7yeg
(Fig. 4B, inset). The broad distribution of y.¢ quantifies the hetero-
geneity in catalytic reactivity of the Au nanoparticles.

3.4. Differential selectivity between parallel reaction pathways

In the kinetic mechanism (Fig. 3A), the product dissociation
process contains two parallel reaction pathways: one a substrate-
assisted pathway and the other a direct dissociation pathway. For
a single Au nanoparticle, these parallel pathways immediately pose
a fascinating problem: how is a single nanoparticle going to choose
between the two pathways? Does it prefer one to the other, or take
the two pathways equally? The kinetics of a single Au nanoparticle
will report its differential selectivity between parallel reaction
pathways.

Experimentally, the differential selectivity of a single Au nano-
particle in the product dissociation reaction is manifested by the
[S] dependence of its (to,)"'. From Eq. (2), when [S]— 0,
(Ton) ! = ks, i.e., the direct dissociation dominates; when [S] — oo,
(Ton) "1 = ky, i.e., the high [S] drives the product dissociation to
the substrate-assisted pathway. If k, and ks, the product dissocia-
tion rate constants in the two pathways, differ in their relative
magnitudes, (o)~ ! will have three types of kinetic behaviors: (I)
asymptotic increase with increasing [S] if the nanoparticle has
k> > ks, i.e., the nanoparticle prefers the substrate-assisted dissoci-
ation pathway; (II) asymptotic decrease if k; < ks, i.e., the nanopar-
ticle prefers the direct dissociation pathway; and (III) constant at
any [S] if k; =ks, i.e., the nanoparticle takes the two pathways
equally, or if K> =0. All three types of kinetic behaviors are ob-
served, and they have different subpopulations (Fig. 5): 66% of
Au nanoparticles are type-I, 19% are type-II, and 15% are type-IIL
This differential selectivity between parallel reaction pathways is
completely hidden in ensemble-averaged measurements, in which
type-I nanoparticles dominate and the direct dissociation pathway
is unidentifiable (Fig. 3C).

3.5. Nanoparticles as dynamic entities: temporal catalytic dynamics

Owing to their nanometer dimensions, nanoparticle surfaces
are unstable and can reconstruct dynamically [1,4,14,15,20-24],
especially under catalysis, where the constantly changing adsor-
bate-surface interactions can induce dynamic surface reconstruc-
tion. This long-envisioned dynamic nature of nanoparticle surface
structure has recently been observed directly with advanced tech-
niques [14,15,19-22,24,44]. These structural dynamics will inevi-
tably cause temporal dynamics of catalytic activity, termed

‘dynamic disorder’ in chemical kinetics. This dynamic disorder is
extremely challenging to study in ensemble measurements, espe-
cially because the temporal dynamics of individual particles are
asynchronous. Here, the real-time single-particle measurements
offer direct probing of temporal catalytic dynamics.

From each single-particle turnover trajectory, we can determine
the time-dependence of the rate of turnovers (Fig. 6A). Large tem-
poral fluctuations are clearly observable, indicating dynamic activ-
ity fluctuations of single Au nanoparticles. These activity
fluctuations have contributions from the reaction rate changes
both in the 7. reaction (the catalytic product formation) and in
the 7, reaction (the product dissociation). These two contributions
can be evaluated separately for each particle by extracting the se-
quences of individual 7.¢ and 7., from the turnover trajectory and
analyzing their autocorrelation functions C.(m)= (At(0)At(m))/
(AT?) [45,46]. Here, 7 is either Tog OF Topn, m is the turnover index
number in the sequences, and At(m) = t(m) — (t). The exponential
decay behaviors of C-_,(m) and C,, (m) directly manifest the activ-
ity fluctuations in both the catalytic product formation and the
product dissociation reactions (Fig. 6B and C). And the decay con-
stants of C;  (m) and C,, (m) give the fluctuation correlation times
that are also the timescales of the underlying surface restructuring
dynamics. Moreover, different Au nanoparticles have very different
activity fluctuation timescales, reflected in the broad distributions
of the fluctuation correlation times from many Au nanoparticles
(Fig. 6B and C, insets).

The catalysis-induced nature of the activity fluctuations and the
underlying surface restructuring are directly supported by the po-
sitive correlation between the activity fluctuation rates, i.e., the in-
verse of the correlation times, and the rate of turnovers - for all Au
nanoparticles, the activity fluctuation rates increase with increas-
ing rates of turnovers (Fig. 7). The fluctuation rates can be further
extrapolated linearly to zero rate of turnovers. The positive inter-
cepts approximate the rates of spontaneous (as compared with
catalysis-induced) surface restructuring dynamics for a Au nano-
particle in an aqueous environment, corresponding to a timescale
of 40-150 s. The determination of a timescale for nanoparticle sur-
face restructuring dynamics in the absence of catalysis is exciting,
because it is directly related to the energetics of nanoparticle sur-
face atoms and because they are in general challenging to quantify,
owing to the nanometer dimension and the heterogeneous surface
structure of nanoparticles.

3.6. Differentiation between surface catalytic and docking sites

The activity fluctuation rates of the 7.4 and the 7, reactions
show a clear difference at the highest rate of turnovers (Fig. 7),
where, owing to high [S], yef and k, dominate the 7.4 and 7., reac-
tions, respectively (reference Eqs. (1) and (2)). This difference indi-
cates that . and k, experience distinct surface restructuring
dynamics. Therefore, on each nanoparticle, the catalytic sites,
where the catalytic reaction y.¢ occurs, are different from the dock-
ing sites, where the dissociation reaction k, occurs (Fig. 3A).

The distinction between the catalytic sites and the docking sites
is further supported by the correlations between the Kkinetic
parameters for each nanoparticle. No significant correlation is ob-
served between 7.g and k; for individual Au nanoparticles, with
their correlation coefficient p, ,, ~ 0.0 (Fig. 8A).! As for ks, the di-
rect product dissociation reaction, it occurs at the same surface site
as that of vy (Fig. 3A); consistently, significant correlation is ob-

! The correlation coefficient p,, between two variables x, y is defined as

Pry = ((9) = (X)) / () — (9%)((?) — ()?), where ( ) denotes averaging. The
value of py, is between —1 and 1: if x and y are completely correlated, py,=1; if
completely uncorrelated, px, =0; and if completely anticorrelated, py, = —1.



P. Chen et al./Chemical Physics Letters 470 (2009) 151-157

dhm on o

100 200
Correlation time (s)

# of NPs

>

155

A B " 15
%10

: 08 3"
5 g L o
E E 0
5 5 0.3]
Y (&)
o]
g
© y
5 0.0

0 1000 2000 3000 10

Time (s)

m, turnover index

20

15
m, turnover index

40 5 10

Fig. 6. Single-nanoparticle catalytic dynamics. (A) Trajectory of rate of turnovers for a single Au nanoparticle at a saturating substrate concentration. (B and C)
Autocorrelation functions of 7.¢ and 7,, derived from the same turnover trajectory as that in A. Solid lines are exponential fits with decay constants of myg=12.5 + 2.9 and
Moy = 2.6 £ 0.9 turnovers. Insets: histograms of fluctuation correlation times for 7,¢ and 7, reactions at a saturating substrate concentration. The fluctuation correlation times
are obtained from the decay constants myg and m,, multiplied by the average turnover time. NPs: nanoparticles. Figures adapted from Ref. [32].

served between Y.g and ks ( Pyories ~ 04, Fig. 8B), but not between k»
and k3 (py, x, ~ 0.1, Fig. 8C). These correlations between kinetic rate
constants further corroborate the kinetic mechanism for Au nano-
particle catalysis in Fig. 3A.

The distinction between the catalytic and docking sites also
provides hints on the nature of the activity differences among
type-1, 11, and Il nanoparticles, which differ in their relative magni-
tudes of k, and ks (Fig. 5). The direct product dissociation reaction
ks occurs from the catalytic sites, as compared with the docking
sites for k; (Fig. 3A). Therefore, the different activities of the three
types of nanoparticles reflect the different properties (possibly
slightly different structures) of their surface catalytic sites and
product docking sites.

3.7. [S]-dependent dynamic surface switching

Owing to adsorbate-surface interactions and potential adsor-
bate-adsorbate interactions, catalytic properties of solid surfaces
are dependent on the concentration of reactant molecules on the
surface and in the reaction medium. For the Au nanoparticles,
our single-particle single-turnover measurements revealed their
[S]-dependent surface catalytic behaviors, showing abrupt switch-
ing between a low catalytic reactivity and a high reactivity state at
a certain substrate concentration [34].
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Fig. 7. Dependence of the activity fluctuation rate (i.e., the inverse of fluctuation
correlation time) on the rate of turnovers. Figure adapted from Ref. [32].

We discovered this [S]-dependent dynamic surface switching
by analyzing the variances (Var) of individual 7_} and 7! from
each turnover trajectory. These variances quantify the amplitudes
of the time-dependent fluctuations of 7} and ;] of a single Au
nanoparticle. At a low [S], the two-dimensional histogram of
Var(t,4) and Var(t,}) of many Au nanoparticles shows a single
population (type-a, Fig. 9A). With increasing [S], part of the type-
a population switch to another distinct population at larger
Var(t}) and Var(t,}) (type-b, Fig. 9B). With further increase in
[S], all type-a switch to type-b (Fig. 9C). Analyzing the type-a and
type-b populations separately show that type-a has lower catalytic
reactivity with stronger substrate binding and type-b has higher
reactivity with weaker substrate binding [34].

The absence of intermediate behavior indicates that the two
types of surface behaviors do not contribute simultaneously; for
each Au nanoparticle, it can either behave as type-a or type-b and
switches at a certain critical concentration. The switching concen-
tration also varies largely from particle to particle, spanning a con-
centration range of two orders of magnitude (Fig. 10). Most Au
nanoparticles switch around 0.07 uM resazurin, while some of
them switch at as low as ~0.02 pM or as high as ~1 pM resazurin.

We do not yet know the molecular detail of the dynamic
switching of Au nanoparticle surface behaviors. It could come from
surface reconstruction induced by substrate adsorption and catal-
ysis, or adsorption reorientation of substrate on the particle sur-
face, or substrate-substrate interactions. But in any case, the
underlying process must be cooperative, i.e., having high-order
kinetics on substrate concentration, to behave like a switch.

The dependence of surface catalytic behaviors on substrate con-
centration has strong implications in experimental studies of nano-
particle catalysts, or heterogeneous catalysts in general. It makes
imperative to study heterogeneous catalysis at conditions relevant
to real applications. Ultrahigh vacuum studies, for which many
powerful spectroscopic techniques are available to provide rich
information on catalytic mechanisms, should be complemented
with high pressure, high concentration studies (e.g., in solution),
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to gain a full understanding of the catalytic properties [47-49]; and
for nanoparticles, single-particle resolution is necessary.

4. Challenges and outlook

For the inherently heterogeneous nanoparticle catalysts, the
single-molecule fluorescence approach provides a powerful way
to interrogate the intricate interplay between the catalytic activity,
heterogeneous reactivity, and dynamic surface properties of indi-
vidual nanoparticles. For the Au nanoparticles discussed here, the
single-molecule studies have revealed and quantified their hetero-
geneous reactivity in catalysis, differential selectivity between par-
allel reaction pathways, surface-restructuring-coupled catalytic
dynamics, and dynamic surface switching; much of this informa-
tion lies beyond the reach of conventional ensemble measure-
ments. Nevertheless, many questions remain to be answered. For
example, what is the structural basis of the activity heterogeneity?
Why do different nanoparticles show differential selectivity? Can
we directly visualize the surface restructuring dynamics of a nano-
particle in real time? What is the physical basis of the substrate
concentration dependent surface switching?

To answer above questions, one can study how the activity, het-
erogeneity, and dynamics of nanoparticles vary with their size and
shape at the single-particle level. By varying their size and shape
systematically, which changes the surface atom distributions over
corners, edges, and facets [4,10,50-52], one may learn how specific
surface structures contribute to the nanoparticle catalytic proper-
ties. Ultimately, one needs to bring together the activity measure-
ments and the structural measurements onto individual
nanoparticles, to directly correlate the activity of a single nanopar-
ticle to its structure. Many high-resolution imaging methods, such
as transmission electron microscopy and scanning tunneling
microscopy, are available to examine nanoparticle structure down
to atomic resolution; integrating them with single-particle cataly-
sis measurements will surely generate unprecedented insights into
the fundamental structure-activity relations of nanoparticle
catalysts.

The single-molecule fluorescence approach, although powerful,
does not come without limitations. Owing to the nanosecond pho-

ton-emission rate limited by the fluorescence lifetime, single-mol-
ecule fluorescence measurements have, at best, pis time resolution.
The actual chemical transformations, occurring at sub-picosecond
timescale, are thus irresolvable. Furthermore, fluorescence con-
tains limited chemical information about the molecule; single-
molecule detection via surface enhanced Raman scattering (SERS)
can be a complementary and powerful approach [53-56].

As this approach is based on fluorescence detection, one of the
products needs to be fluorescent, and catalytic reactions involving
small molecules, such as methanol oxidation or water splitting,
cannot be studied directly. The types of catalytic transformations
to be studied are not limited, however, as one can create reactant
molecules that undergo the desired chemical transformation to
generate a fluorescence molecule. For example, if dehydrogenation
reaction of C—C bond is of interest, one can design a molecule that
if dehydrogenated, the resulted double bond completes an ex-
tended conjugation, forming a fluorescent product. With creative
synthetic chemistry to generate suitable fluorogenic probes, many
nanoparticle catalysts can be studied, either as isolated colloidal
particles or on catalyst supports. Besides chemical catalysis, the
approach can be easily extended to study electrocatalysis, wherein
electrodes are used to supply or withdraw electrons. It is the
authors’ belief that the single-molecule fluorescence approach
can offer myriad possibilities to study nanoparticle catalysis at
the single-particle single-turnover resolution. With the global ini-
tiative in energy research, of which nanocatalysis is an integral
part, we can expect groundbreaking studies to emerge in the com-
ing years.
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