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Nanoscale catalysts are important for electrocatalysis, especially in energy conversion as in
photoelectrochemical cells and fuel cells. Understanding their reactivity is essential for improving
their performances and designing new ones, but challenging due to their inherent structural
heterogeneity. This article reviews recent developments in using single-molecule fluorescence
microscopy to overcome this challenge and interrogate directly the individuality of nanoscale
catalysts. Using electrocatalysis by single-walled carbon nanotubes (SWNTs) as an example, this
article discusses how the single-molecule approach dissects the reaction kinetics at single-reaction
resolution, unravels the reaction mechanism, and quantifies the reactivity and inhomogeneity of

individual SWNT reactive sites, which are imaged to nanometre precision via super-resolution
optical imaging. New scientific questions and opportunities are also discussed, as well as the

related optical studies of single-molecule and single-nanoparticle electrochemistry.

1. Introduction

Catalysis at the nanoscale is a cornerstone technology for
meeting the current energy challenge. Nanoscale catalysts of
various materials can enable chemoselective processing of
fossil fuels, remove pollutants from gas exhausts, increase fuel
usage efficiency, and promote solar energy conversion to
fuels.'™ With the rapid advances in nanostructure synthesis,
new nanoscale catalysts and novel catalytic properties con-
tinue to emerge.*’

Often nanoscale catalysts are used on electrodes, where the
catalysis takes place in the presence of an electrochemical
potential and is coupled with electron flow, hence electrocatalysis.
In photoelectrochemical cells, sunlight is collected and
converted to electricity, which then drives chemical reactions
to form fuels. In fuel cells, the fuels undergo redox reactions
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to release their chemical energy to generate electricity. Both the
fuel-forming and the fuel-using reactions need to be catalyzed,
usually by nanoscale catalysts, to achieve sufficient efficiency
and selectivity. Improving the performance of current catalysts
and designing new ones are major goals in today’s catalysis
research. To achieve these goals, an essential task is to under-
stand the fundamental structure—activity correlations of nanoscale
materials for electrocatalysis, as well as for catalysis in general.

For almost all nanoscale catalysts, structural heterogeneity
is a problem. Nanoparticle catalysts of metals, metal oxides,
etc., always have some structural dispersion, such as in size
and shape; even on a single particle, surface atoms reside at
various corner, edge, and facet sites.®” Nanotubes and nano-
wires, such as carbon nanotubes, have variable diameters and
lengths, and along their lengths, various catalytic sites can be
present.® As structure dictates activity, individual nano-
catalysts are expected to differ in their catalytic properties
due to this structural heterogeneity.

This structural heterogeneity poses a general challenge in
characterizing the catalytic properties of nanoscale materials.
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Traditional measurements, which analyze reaction products
produced by an ensemble of nanocatalysts, often only obtain
their averaged catalytic behaviors, where individuality is lost.
Experimental methods capable of resolving the individual
behaviors of nanocatalysts are thus highly desired.

The single-molecule approach can directly probe individuality
and is particularly suited for studying heterogeneous systems,
including nanoscale catalysts. Besides removing ensemble
averaging, it allows visualization of catalytic reactions in real
time with single-turnover resolution, a feature that is powerful
in dissecting reaction mechanisms. Moreover, single-molecule
fluorescence detection can offer optical imaging beyond the
diffraction-limited resolution—tens of nanometres resolution
is achievable—giving high spatial information.’

Our group has recently developed single-molecule fluores-
cence microscopy methods to study nanoscale catalysts.'®'®
In one case, we studied the catalysis of metal nanoparticles at
single-particle, single-turnover resolution.'® ' In another, we
studied the electrocatalysis of single-walled carbon nanotubes
(SWNTs) at single reactive site, single-reaction resolution.'®
Both metal nanoparticles and SWNTs have inherent structural
heterogeneity. Our single-molecule approaches enabled us to
probe their individuality, quantify their reactivity, understand
their mechanism, and discover new catalytic behaviors that are
fundamental to nanoscale catalysis.

In this perspective, we focus the discussions on our single-
molecule study of SWNT electrocatalysis. We review the
methodology, the results, and the information content, as well
as discuss the new scientific questions and opportunities that
arise from our studies. We also summarize past single-
molecule and single-nanoparticle electrochemistry studies that
our work is closely related to.

2. Single-molecule fluorescence approach to
nanoscale electrocatalysis

Our single-molecule study of nanoscale electrocatalysis started
with SWNTs, which can electrocatalyze reactions that are of
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interest for energy applications,!” for example the oxygen
reduction reaction.'® Structurally, a SWNT can be viewed
as a graphene sheet rolled into a tube along a chiral vector,
which is a linear combination of the two lattice vectors
of the graphene honeycomb structure. Depending on this
chiral vector (i.e., its chirality), a SWNT can have
different electronic properties, being either metallic or
semiconducting.

Current preparation methods always produce SWNTs of
variable chirality and thus of variable electronic property.
Obtaining monodisperse SWNTSs remains a persistent challenge.
These chirality and electronic property variations can give
individual nanotubes different electrochemical and electro-
catalytic properties. To circumvent this polydispersion
obstacle, people have studied the electrochemistry of indivi-
dual carbon nanotubes, where the electrochemical current
through a single nanotube is measured.'®>!

For electrocatalysis studies, measuring electrical currents,
although informative, cannot differentiate where the electro-
catalysis takes place on the nanotube. Yet, differentiating
reactions spatially is important, as recent studies have shown
that defect sites or exogenous atoms may be the origin of
special catalytic activity of carbon nanotubes.'®*>">> Further-
more, electrical current measurements typically can only be
performed on one nanotube at a time, limiting the data
throughput. To increase data throughput, multiplexed
observations of electrochemistry or electrocatalysis by carbon
nanotubes are needed.

Our group has recently developed a single-molecule
fluorescence approach to study SWNT electrocatalysis in a
multiplexed manner at single-reaction temporal resolution and
nanometre spatial precision.'® Fig. la depicts our experi-
mental design using an electrochemical flow cell, which is
similar to that by Barbara and Bard in their single-molecule
spectroelectrochemistry studies (section 4.1),>%?” and total
internal reflection fluorescence microscopy. We disperse well-
sonicated, diluted SWNT suspensions onto an ITO-coated
quartz slide, so individual SWNTSs are spatially well separated.
The conductive ITO surface serves as the working electrode.
We also place a Ag/AgCl reference electrode and a Pt counter
electrode in the flow cell. Above the working electrode, we
flow a solution containing a reactant that can be electro-
catalytically converted by SWNTs into a fluorescent product.
Each electrocatalytic reaction generates a fluorescent
molecule; under CW laser illumination, this fluorescent
molecule emits hundreds or more fluorescence photons and
is readily detectable at the single-molecule level. By detecting
every product molecule, we can visualize the electrocatalysis at
the single-reaction resolution in real time. This fluorogenic
reaction strategy was started in single-enzyme studies®® ! and
has also been employed in studying micro- and nano-scale
solid catalysts.’>

In this experimental scheme, the applied electro-
chemical potential on the ITO working electrode can
effectively change the chemical potential of SWNTs due
to the nanotubes’ small quantum capacitances.?®?!** This
scheme also has a number of advantageous features.
(1) A continuous solution flow and a constant applied
electrochemical potential can ensure steady-state reaction
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Fig. 1 Single-molecule fluorescence approach to carbon nanotube
electrocatalysis. (a) Experimental design using an electrochemical flow
cell made between an ITO-coated quartz slide and a coverslip,
and total internal reflection fluorescence microscopy. WE, RE, CE:
working, reference, and counter electrodes. (b) Redox chemistry of
resazurin in aqueous solution. Figures adapted with permission from
Xu et al.'® Copyright 2009 American Chemical Society.

conditions and easy change of the reactant concentration.
(2) Because the products are continuously generated, such
experiments can monitor electrocatalytic reactions of a SWNT
for extended time without the limit of fluorescence photo-
bleaching. (3) The wide-field imaging allows multiplexed
observation of many SWNTs. (4) The single-molecule
detection enables imaging the electrocatalytic reactions at
nanometre resolution to differentiate reactions occurring at
different locations (section 3.2).

Our fluorogenic electrocatalytic reaction is based on the
well-known two-stage electro-reduction of the nonfluorescent
molecule resazurin in aqueous solution (Fig. 1b).>® The first
stage reduces resazurin (S) irreversibly to resorufin (P), a
highly fluorescent molecule. The second stage reduces
resorufin to the nonfluorescent dihydroresorufin (PH,) and
is reversible. The fluorescence of P is the target of our
single-molecule detection and can be excited by a 532-nm
laser. Ensemble cyclic voltammetry clearly demonstrates
the ability of SWNTs in electrocatalyzing the two-stage
reduction of S and that the electrocatalysis happens to
SWNT surface adsorbed molecules.'® Control experiments
also show that the observed electrocatalytic reactivity is
not due to possible residual metal nanoparticle catalysts,
amorphous carbons, or carbon nanoparticles in the SWNT
sample.'®

In the next section, we discuss the single-molecule measure-
ments of SWNT electrocatalysis based on this electrocatalytic
fluorogenic reaction, the physical nature of the reactive sites
on the SWNTs, and the reactivity and mechanism of the
electrocatalysis. We also discuss new scientific questions
and opportunities that arise from these results, as well as
limitations in the single-molecule approach to nanoscale
electrocatalysis.

3. Application to carbon nanotube electrocatalysis

3.1 Real-time single-molecule detection of SWNT
electrocatalysis

We studied SWNTs either obtained commercially (Purified
HiPCO, from Carbon Nanotechnologies) or home-grown via
the CVD method. Upon applying a constant electrochemical
potential to the ITO electrode in the flow cell (Fig. la),
electrocatalysis occurs on SWNTs and generates fluorescent
P molecules. Imaged by an EMCCD camera with single-
molecule sensitivity, the electrocatalysis gives out stochastic
fluorescence bursts at many localized spots on the ITO
working electrode. A typical fluorescence image from a real-
time movie contains many fluorescence spots of diffraction
limited size (FWHM ~400 nm, Fig. 2a).

At these localized spots, the fluorescence bursts occur
repetitively. This repetitiveness is manifested in the time
trajectory of fluorescence intensity from one of these spots
(Fig. 2b): it contains stochastic off-on burst signals through-
out the movie. The digital, two-state nature of these fluores-
cence trajectories verifies the single-molecule detection of the
electrocatalysis, in which each burst comes from a single P
molecule. Were it from many molecules, the trajectory would
have variable number of intensity states depending on the
number of molecules. This single-molecule detection enables
us to probe the nature of the reactive sites, as well as the
reactivity and mechanism of electrocatalysis at an unprece-
dented level (see below).

3.2 Super-resolution optical imaging of SWNT reactive sites

SWNTs are 1-dimensional nanomaterials. The diameters of
the SWNTs studied here are about 1-2 nm, but their lengths
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Fig. 2 Real-time single-molecule fluorescence detection of SWNT
electrocatalysis. (a) Fluorescence image (~17 x 19 pm?) of SWNT
electrocatalysis at —0.35 V with 0.05 pM resazurin (S) in phosphate
buffer. Taken at 100-ms frame rate. All potentials cited here are
referenced to the Ag/AgCl electrode. (b) Left: segment of the fluores-
cence trajectory from the fluorescence spot marked by the arrow in (a).
Right: histogram of an 18-minute long trajectory. Figures adapted
with permission from Xu er al.'® Copyright 2009 American Chemical
Society.

This journal is © the Owner Societies 2010

Phys. Chem. Chem. Phys., 2010, 12, 6555-6563 | 6557



can be many microns.*® Electrocatalysis can potentially occur
at various sites on a SWNT: the honey-comb structured
sidewall, the ends of the nanotube, or defect sites that can
reside anywhere along the sidewall. To probe where the
reactions take place is one of the first steps toward under-
standing the electrocatalytic properties of SWNTs.

Structurally, the sidewall of a SWNT is continuous, whereas
its ends and defect sites are discrete. In the fluorescence image
(Fig. 2a), the localization of the fluorescence bursts within
diffraction-limited spots suggests that the reactions occur at
discrete sites (e.g., defect sites or nanotube ends), rather than
on the entire nanotube sidewall. Higher spatial resolution is
needed, however, beyond the diffraction limit to confirm the
discreteness of these reactive sites, as the diameters of these
SWNTs are merely 1-2 nm.

Single-molecule fluorescence detection enables just that, via
the so-called super-resolution optical imaging method,”3”
as in photoactivation localization microscopy (PALM)3"*
and  stochastic  optical  reconstruction  microscopy
(STORM). %442 These super-resolution microscopy techni-
ques use two features of single-molecule fluorescence
detection to achieve sub-diffraction resolution. The first is
the nanometre accuracy in localizing the center of the
emission point spread function (PSF) of a single fluorescent
molecule in a wide-field image, provided that a large
number of fluorescence photons are detected (the
localization accuracy is approximately proportional to
1//number of photons detected).*>** Fig. 3a shows the
wide-field fluorescence image of a single P molecule at a
SWNT reactive site; the fluorescence intensity spreads over a
few pixels as a PSF (each pixel = 267 nm). Because of the
large number of photons detected, fitting this PSF with a
two-dimensional Gaussian function localizes its center
position to about +4.5 nm accuracy (Fig. 3b), even though
the FWHM of this PSF is ~410 nm.

The second feature is the temporal separation of fluores-
cence detection of individual molecules that reside within the
diffraction-limited resolution (~a few hundred nanometres).
This temporal separation is manifested by the off—on signals in
the fluorescence intensity trajectories and can be achieved
through photo-induced switching of fluorescent molecules as
in PALM and STORM, or, as in the SWNT electrocatalysis
done here, through electrocatalytic generation of individual
fluorescent P molecules (Fig. 2b). Consequently, the localiza-
tions of the many P molecules in a fluorescence trajectory can
be determined individually, each down to an accuracy of a few
nanometres.

The localizations of these P molecules show a spread and
follow a Gaussian distribution (Fig. 3¢).>**!""*> The FWHM of
the localization distribution gives the spatial resolution of
~20 nm (Fig. 3d), comparable to those in PALM and
STORM?>73%4142 gnd an order of magnitude higher than the
resolution (~400 nm) in the diffraction-limited wide-field
fluorescence image (Fig. 3a). Considering the diameters of
these SWNTs are about 1-2 nm,>® these reactive sites should
thus be no more than ~2 x 20 nm? in dimension. Although
without experimental proof, we think these reactive sites are
probably smaller than our resolution, i.e., at about the
molecular scale.
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Fig. 3 Super-resolution optical microscopy of SWNT reactive sites.
(a) Conventional wide-field fluorescence image of a single resorufin (P)
at a reactive site during one 7,, period. Pixel size = 267 nm.
(b) Two-dimensional Gaussian fit to the PSF function in (a). The FWHM
of the fitis ~410 nm. The center localization is determined to +4.5 nm.
(c) Center localizations determined from the many 7,, periods of a
fluorescence electrocatalysis trajectory. (d) Two-dimensional histogram
of the center localizations. Gaussian fit gives FWHM ~20 nm.
To increase statistics, the localizations from 25 reactive sites are
combined, and the center of mass of the localizations from each
reactive site was used for alignment. Figures adapted with permission
from Xu er al.'® Copyright 2009 American Chemical Society.

The nanometre dimension of these reactive sites offers a
distinctive advantage: Each reactive site on a SWNT acts as an
ultrasmall electrode, for which the mass transport is efficient,*’
thus allowing the study of electrocatalytic electron-transfer
kinetics at low reactant concentrations (see section 3.5).

3.3 Kinetic mechanism of electrocatalysis

In the fluorescence electrocatalysis trajectory of a single
SWNT reactive site (Fig. 2b), the actual events of chemical
transformations are irresolvable and appear as sudden
intensity jumps. Each sudden intensity increase corresponds
to an electrocatalytic formation of a single P molecule at a
reactive site. The sudden intensity decreases primarily result
from electro-reduction events of P to PH,—other possible
causes, such as P photobleaching, photoblinking, and
dissociation from a SWNT, all happen at much slower time-
scales (seconds to tens of seconds) and do not contribute
significantly to these sudden intensity decreases.'®

The waiting times, 7., and 7.g, before the intensity jumps
are the two most important observables in these trajectories
(Fig. 2b). Resolving them temporally enables the analysis of
the electrocatalysis kinetics in two separate parts: 7,, is the
waiting time for electro-reduction of P to PH, after a P
molecule is formed at a reactive site; 7y 1S the waiting time
for P formation and contains binding of S to the reactive site
from the solution. The individual values of 7., and 7.4 are
stochastic, but their statistical properties, such as average
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values and distributions, are defined by the reaction kinetics
and thus report the kinetic mechanism.

At constant electrochemical potentials, the electro-
reduction of P to PH, contained in 7., follows a simple, one
step P — PH, reaction kinetics (reaction (iv), Fig. 4a). This
simple kinetic mechanism of P electro-reduction is manifested
experimentally by the S concentration ([S]) titration of (ron>71
(() denotes averaging), which represents the time-averaged P
reduction rate at a single reactive site. Regardless of the
applied electrochemical potential, (ron)fl is independent of
[S] (Fig. 4b). This behavior of (7,,)” is quantitatively
described by the following equation:

{ron) ™! = 1//0°Orfon<r> dr = ki (1)

where fon(t) is the probability density function of t,,, and
k4 is the rate constant of P — PH, electro-reduction at a
single SWNT reactive site. Being the rate constant of
an electro-reduction reaction, k¢, and thus (Ton) "', are
dependent on the electrical potential and increase with more
negative potential (Fig. 4b).

For the electrocatalytic formation of P contained in .4, the
reaction kinetics contains two parallel reaction pathways. One
involves a substitution reaction of PH, by S at the reactive site
followed by electrocatalytic reduction of S to P (reactions (i)
and (ii), Fig. 4a), the other is a direct electro-oxidation of PH,
to P (reaction (iii)). This electro-oxidation is possible because

(a) ke
(iv)

Off-state

Off-state On-state
&
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(b) (c)
0.06
= 035V
— 3 o 04V  ~
- 1
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A [T ¥ i
w® £ o & 1 t
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Fig. 4 Kinetic mechanism of SWNT electrocatalysis. (a) Scheme of
the kinetic mechanism. The fluorescence state (on or off) is indicated at
each stage of the reaction. S, resazurin; P, resorufin; PH,, dihydro-
resorufin. (b, ¢) Resazurin concentration dependence of <ron>’l and
(r0g>_l at two different potentials. Data here are averaged over the
fluorescence trajectories of > 50 reactive sites. Solid lines are fits of
eqn (1) and (2); for —0.35 V, k; = 0.5 pM~'s7!, &5 = 0.07 571,
kS = 00268 k%Y = 24571 for —0.1 V, ky = 03 pM~' 57,
K5 = 0.004 571, kS = 0.06 57!, k59 = 2.1 s7!. Note the values here
represent the averaged properties of many SWNT reactive sites.
Figures adapted with permission from Xu er al.'® Copyright 2009
American Chemical Society.

P < PH, redox is reversible (Fig. 1b). This two-pathway
kinetics of the 1,4 reaction is manifested by the variable [S]
dependence of <Toff>71, the time-averaged rate of P formation
at a single reactive site (Fig. 4c): at more negative potentials
(e.g., at —0.35 V), (1oq)"" increases asymptotically with
increasing [S]; at less negative potentials (e.g., at —0.1 V),
<Toff>7l decreases asymptotically. This variable [S] dependence
of (to) ! is described quantitatively by the following equation:

_ kK 4 kaS])

<’Eoff>_l = ]/A Tfoff(f) dr = k;ed + k] [S] (2)

where foi(7) is the probability density function of t.g, k; is the
rate constant of PH, substitution by S at the reactive site
(reaction (i)), k59 is the rate constant of electro-reduction of S
to P (reaction (ii)), and kS is the rate constant of electro-
oxidation of PHj to P (reaction (iii)). At[S] — 0, (roq)’l = k3%
at [S] » 0, {teq)”' = k9. As kS* is an electro-oxidation
reaction and k59 is an electro-reduction reaction, both of them
depend on the applied electrochemical potential, but in
opposite trends— at more negative potentials, electro-
reduction is more favorable, and k$* < k%9 at less negative
potentials, electro-oxidation is more favorable, and k§* > k5.
Therefore, when the electrochemical potential changes, (toq) !
shows different [S] dependences, depending on the relative

magnitudes of k$* and k59 (Fig. 4c).

3.4 Reactivity inhomogeneity among SWNT reactive sites

Due to chirality differences, individual SWNTs can have
different electronic properties, causing them to show different
electrocatalytic reactivity. But, how different are they? Are
the differences significant? Their reactivity differences, i.e.,
reactivity inhomogeneity, are extremely difficult to quantify
in ensemble-averaged measurements, but can be directly
examined and quantified in the single-molecule measurements
of single reactive sites. At any applied electrochemical
potential for each reactive site, we can examine the [S]
dependences of its (7o) ! and (to) ' (Fig. 5a). Fitting these
two [S] titration curves with eqn (1) and (2) directly gives the
kinetic constants k;, k9, k$%, and k9, which quantify the
reactivity of this reactive site.

Alternatively, we can examine the distributions of 7., and
7o from the fluorescence electrocatalysis trajectory of a single
reactive site. Regardless of [S], the probability density function
of Ton, fon(7), follows fon(t) = k¥ exp(—k¥%).'® For the
probability density function of t.q, fom(7), it reduces to

Jor(®) = k¢ exp(—k297) at saturating resazurin concentra-

tions (i.e., [S] > 0.1 pM for the SWNTs studied here).!¢
Therefore, k2% and k%Y of a reactive site can be directly
determined by fitting its distributions of 7., and 7. with
exponential functions (Fig. 5b).

By analyzing many fluorescence electrocatalysis trajectories,
we can obtain the distributions of kinetic rate constants
among many SWNT reactive sites at any applied potential,
for example those of k5% and k¢ in Fig. 5c. As expected, their
distributions are dependent on the applied potential. Relative
to their average values, the distribution widths of all rate
constants are broad, indicating the large reactivity inhomo-
geneity among the SWNT reactive sites. Several of these rate
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Fig. 5 Reactivity inhomogeneity of SWNT reactive sites.
(a) Resazurin concentration ([S]) dependence of (t,,) "' and (oq) "
of a single reactive site at —0.35 V. Solid lines are fits with eqn (1)
and (2) with k; = 0.8 £ 0.6 uM~' 57, k59 = 0.09 £+ 0.04 s,
kS = 0.01 £ 0.01 s7!, k59 = 3.3 + 0.1 s~'. (b) Distributions of 7,
and 7.q, each from the fluorescence electrocatalysis trajectory of a
SWNT reactive site at the saturating resazurin concentration of 0.2 pM.
Solids lines are exponential fits, giving k59 = 3.4+ 0.1 s~ ! and k%4 =
0.08 + 0.01 57", respectively. (c) Distributions of k59 and k¢ from many
SWNT reactive sites at —0.35 V. Figures (a,c) adapted with permission
from Xu ez al.'® Copyright 2009 American Chemical Society.

constants, such as k%4 and k%Y, involve interfacial electron
transfer from a SWNT to an adsorbed molecule and are thus
related to the electronic properties of the SWNT reactive sites.
Therefore, the broad distributions of these rate constants
reflect the variable electronic properties among these discrete
reactive sites, which could come from the different chemical
nature of these sites, or from the different electronic properties
of SWNTs (e.g., metallic or semiconducting).

Nevertheless, as the SWNTs are deposited on the ITO
surface nonspecifically (Fig. 1a), we could not rule out that
variations in the electrical contact between a SWNT and
the ITO may also contribute to the observed reactivity
inhomogeneity. Future experiments using metal electrodes
evaporated directly onto the SWNTs will help minimize
contact variability.?

3.5 New questions, new opportunities, and limitations

As described in sections 3.1-3.4, single-molecule fluorescence
microscopy of SWNT electrocatalysis offers insights into the
physical nature of the reactive sites, the kinetic mechanism of
the reaction, the reactivity of each reactive site, and the
variations of catalytic properties among the SWNT reactive
sites, much of which are unavailable from traditional ensemble
measurements or single-nanotube electrochemical current
measurements. With this new information, new questions also
arise. For example, what is the chemical nature of the catalytic
reactive sites on the SWNTs, i.e., what are the functional
groups at the reactive sites? The possibilities include carboxylate,

carbonyl, and hydroxo groups.***’ To probe these functional
groups, one can target them with chemoselective reagents and
then examine their effects on the SWNTSs’ electrocatalytic
activity. An example is to use an esterification reaction to
modify carboxylate groups selectively.

Super-resolution optical imaging has shown that the SWNT
reactive sites are discrete and are of nanometres in dimension.
But, where are they exactly located on a SWNT? At the ends
of the nanotube or scattered on the sidewall? Parallel measure-
ments using atomic force microscopy (AFM) or scanning
electron microscopy (SEM) will provide definitive answers.
For this purpose, the nanometre resolution of super-resolution
optical imaging facilitates the image correlation between
fluorescence microscopy and AFM/SEM—this correlation is
usually hampered by the resolution mismatch in the respective
measurements, with traditional fluorescence microscopy
having half-a-micron resolution whereas AFM/SEM having
nanometre resolution.

The location of reactive sites on a SWNT brings up another
intriguing question: do different sites on the same nanotube
have the same electrocatalytic reactivity? Or do they differ
significantly? Correlating AFM/SEM imaging with our single-
molecule imaging of SWNT electrocatalysis will be able to
address this question. The results will reveal whether the
nature of the reactive site or the electronic property of the
nanotube determines its electrocatalytic reactivity.

If the electronic property of a SWNT plays an important
role, then how is a nanotube’s electronic property correlated
with its electrocatalytic reactivity? Independent determination
of the electronic properties of a SWNT is needed here, in
addition to the electrocatalysis study. Many methods already
exist to determine the electronic property of a SWNT, such as
electron transport measurements and Rayleigh scattering
spectroscopies.*s~¢

New scientific opportunities also arise from our ability to
image SWNT electrocatalysis at single-reaction, single
reactive-site resolution. To start with, we can examine
interfacial electron transfer involved in the electrocatalysis.
Understanding electron transfer kinetics at solid-liquid inter-
faces is a key goal of basic research for energy production,
conversion, and storage.>' In the SWNT electrocatalysis
described here, both the 7., and 7. reactions involve inter-
facial electron transfer from a SWNT to a bound molecule
sitting at the SWNT—solution interface (Fig. 4a). For example,
the 7o, reaction is a single step electro-reduction reaction,
P — PH,, with (ron>’l equal to k59, the rate constant of this
reaction. By studying the electrocatalysis across a range of
applied electrochemical potentials, we can then study how the
electrochemical driving force changes the interfacial electron
transfer kinetics.

Fig. 6 shows our preliminary result of electrochemical
potential titration of (t,,) "' of a single SWNT reactive site.
With increasingly negative potential, i.e., increasing driving
force for electro-reduction, (t,,)”"' increases and eventually
saturates. This behavior is consistent with the theoretical
simulations of the interfacial electron transfer kinetics for an
electro-reduction reaction on a SWNT.?! Quantitative analysis
of this type of data using the Gerischer-Marcus model can
provide fundamental knowledge on the electronic coupling
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Fig. 6 Potential (V) dependence of (t,) "' of a SWNT reactive site at
[S] = 0.06 uM. Each data point is an average of the many 7., values in
the fluorescence electrocatalysis trajectory at the corresponding
applied electrochemical potential. The solid line is a B-spline that
helps visualize the trend.

between the nanotube and the molecule, the reorganization
energy, and the optimal rate for interfacial electron transfer.?!>"

Moreover, both metallic nanotubes and semiconducting
ones are present in any SWNT sample; and for the semi-
conducting ones, individual SWNTs can have different
bandgaps. In our multiplexed observation of SWNT electro-
catalysis, we will then be able to study how the electronic
structure of a SWNT affects the interfacial electron transfer
process. This is of particular interest for semiconducting SWNTs,
as they show promise as a next generation photovoltaics due to
their good conductivity, broad absorption spectra, tunable
bandgap, and capability in multi-exciton generation.>* ¢

The single-molecule approach to nanoscale electrocatalysis
does not come without limitations. The detection requires a
fluorescent product, and as such, electrocatalysis involving
merely small molecules, such as proton reduction to H,
cannot be studied directly. The types of electrocatalytic trans-
formations are not limited, however, because one can create
reactant molecules that undergo the desired transformation to
generate a fluorescent molecule. For example, if electro-
oxidation of alcohols to ketones is of interest, one can design
a molecule that if oxidized, the resulted C—O double bond
completes an extended conjugation, forming a fluorescent
product. The P to PH, electro-reduction discussed in this
article is another example: it contains both electron and
proton transfer processes, comprising two electrons and
two protons, which is fundamentally related to the proton
reduction reaction for fuel generation.

Although powerful in dissecting kinetic mechanisms of
reactions, single-molecule fluorescence measurements are less
capable of determining molecular mechanisms, i.e., how
chemical bonds are broken and made in converting reactants
to products. This is partly because of their limited time
resolution, ps at best, whereas actual chemical transformations
occur at a sub-picosecond timescale. Another reason is the
limited chemical information contained in fluorescence about
molecules. Complementary measurements, such as vibrational
spectroscopy, are needed.

4. Related optical studies of single-molecule and
single-nanoparticle electrochemistry

A number of electrochemical studies of single molecules
and single nanoparticles exist in the literature, to which our

single-molecule nanoscale electrocatalysis work is related.
Based on their detection methods, these studies can be divided
into two types: one type uses optical detection and measures
photon emission that results from electrochemical reactions;
the other detects electrochemical current. Detection of current
is a much more widely used method, for which we refer the
readers to the recent review articles’° and references cited
there for details.

In this section, we summarize the optical studies of
electrochemistry of single molecules and single nanoparticles.
These optical studies use two experimental schemes: laser-
induced fluorescence (or luminescence) and electrogenerated
chemiluminescence (ECL). A perspective article by Bard also
discusses these studies.’®

4.1 Fluorescence detection

Barbara, Bard, and coworkers pioneered the method of
single-molecule spectroelectrochemistry (SMS-EC) and used
it to study the redox events of single molecules of the
organic polymer poly(9,9-dioctylfluorene-co-benzothiadiazole)
(F8BT), which is intrinsically fluorescent.’®*” They used an
electrochemical cell (Fig. 7a) and immobilized individual
polymer molecules on the ITO-working electrode. Scanning
the electrochemical potential induces the electrochemical
oxidation of these polymer molecules, leading to their
fluorescence disappearance. By imaging the fluorescence with
wide-field TIR fluorescence microscopy, they followed both
the irreversible and the reversible oxidations of these
molecules. In correlation with the applied potential, statistical
analysis of these single-molecule events offered insights into
the energetics and dynamics of charging traps in these
polymeric materials that are important for solar cells.

(b) Photon

Detector

TPrA* Ru(bpy)™

‘rrm‘! -‘ Ru(bpy),™ ECL I

TPrA* + Ru(bpy),™
PENP (bpy)s /
TPrA d‘l Ru(bpy)™

ITo e

Fig. 7 (a) Electrochemical cell configuration from Barbara, Bard and
coworkers. WE, CE, QRE: working, counter, and quasi-reference
electrodes. Reproduced with permission from Palacios et al.*®
Copyright 2006 American Chemical Society. (b) Scheme of electro-
generated chemiluminescence amplification of single nanoparticle
collisions. Reproduced with permission from Fan er al.®* Copyright
2008 American Chemical Society.
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Ackerman and coworkers extended the SMS-EC approach
to a small electroactive molecule, cresyl violet, which is
fluorescent in its oxidized form and nonfluorescent in its
reduced form.®>®! In one study,®® they used confocal
fluorescence microscopy to detect in solution the fluorescent,
oxidized cresyl violet molecules, whose population can be
modulated by scanning the electrochemical potential. In
another,®! they observed the reversible redox of single cresyl
violet molecules adsorbed on clay nanoparticles, reflected by
their fluorescence off—on behaviors under cyclic potential
sweeping. Majima and coworkers also applied SMS-EC to
study how the photoluminescence of single titania nanowires
are affected by the applied electrochemical potentials.®

4.2 Electrogenerated chemiluminescence

Wightman and coworkers first used ECL to detect electro-
chemical reactions of single molecules in solution.®* They
varied electrochemical potentials at an electrode to generate
radical cations and anions of 9,10-diphenylanthracene (DPA)
in solution; a cation and an anion then react to form an excited
singlet state of DPA that can emit a photon to relax to the
ground state. Detecting this photon emission allowed them to
observe single molecule reactions.

Similarly, Barbara, Bard, and coworkers studied ECL of
single FSBT polymer molecules using an SMS-EC cell as in
Fig. 7a.%° Here an immobilized, electrogenerated F8BT cation
radical reacts with an electrogenerated radical of tri-
n-propylamine (TPrA) in solution; the resulted excited state
of F8BT then emits a photon that can be detected.

Bard and coworkers further broadened the ECL detection
to observe single Pt nanoparticle collisions with an ITO
electrode.®® In their experiment (Fig. 7b), a collision event
establishes an electrical contact between a Pt nanoparticle and
the ITO-working electrode that is at a positive potential. This
triggers electrochemical oxidations of Ru(bpy);*>* and TPrA
on this Pt nanoparticle, and the oxidation products then react
quickly to produce excited Ru(bpy);>* molecules that emit
photons for detection.

Compared with fluorescence detection, ECL does not
involve laser excitation and thus has much less background
signal. Yet one chemiluminescence reaction can maximally
generate one photon (if the chemiluminescence has a quantum
yield of 100%). As the efficiency of photon detection is far
below 100%, many reactions go undetected. This does not
prevent the study of single F8BT molecules, though, because
each F8BT molecule can undergo repetitive ECL reactions to
generate many photons, which ensures the detection of every
F8BT molecule. For the study of Pt nanoparticle collisions,
each collision triggers many ECL reactions, producing many
photons and amplifying each collision event.

5. Concluding remarks

We have discussed the single-molecule fluorescence approach
to nanoscale electrocatalysis, using carbon nanotube electro-
catalysis as an example. By detecting the reaction products one
molecule at a time in real time, this approach overcomes the
inherent structural heterogeneity of nanoscale catalysts to
probe their electrocatalytic individuality, resolve their discrete

reactive sites, dissect their reaction mechanism, and quantify
their reactivity inhomogeneity. Much of these are beyond the
reach of ensemble measurements or single-nanotube current
measurements. Opportunities also arise to examine the corre-
lation between the electronic structure, the electrocatalytic
reactivity, and the interfacial electron transfer kinetics of
nanoscale catalysts at the single reactive-site level.

The single-molecule fluorescence approach is generalizable
for studying many other types of electrocatalysts of both
nano- and macro-scale, including small molecule catalysts.
So long as suitable fluorogenic reactions are available,
real-time visualization of electrocatalytic reactions at single-
reaction temporal resolution, nanometre spatial precision is
feasible. With single-molecule studies continuing to emerge,
new and deeper insights will be learned into the fundamental
properties of nanoscale catalysts.
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