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Heterogeneous catalysts have been pivotal to the development of
the modern chemical industry and are essential for catalysing
many industrial reactions. However, reaction rates are different
for every individual catalyst particle and depend upon each
particle’s morphology and size1, crystal structure2 and
composition3–7. Measuring the rates of reaction on single
nanocrystals will enable the role of catalyst structure to be
quantified. Here, using surface plasmon spectroscopy, we have
directly observed the kinetics of atomic deposition onto a
single gold nanocrystal and also monitored electron injection
and extraction during a redox reaction involving the oxidation
of ascorbic acid on a gold nanocrystal surface. These results
constitute the first direct measurement of the rates of redox
catalysis on single nanocrystals.
The in situ measurement of reaction rates in heterogeneous
catalysis remains a fundamental challenge8. There are two
profound difficulties. The first is monitoring reaction rates on
catalyst surfaces in real time so that reaction mechanisms can
be elucidated. Increasingly sophisticated methods are being
applied. For example, Gates and colleagues have used time
resolved IR spectroscopy to study the oxidation of carbon
monoxide on gold catalyst surfaces7. However, as such
measurements are ensemble averages, they do not allow one
to correlate catalytic activity with particular types of particle
present. Thus, a second major barrier to progress is the need
to understand the relationship between the nanocrystal
structure and its catalytic activity. To surmount this difficulty,
catalytic studies on single nanocrystals of well-defined shape
and structure are needed. The advent of dark-field microscopy
(DFM) has enabled us to study the optical properties of
single nanoparticles9 and to analyse the effects of particle
size, particle shape, the refractive index of the surrounding
medium as well as the role of the substrate9–12.
Figure 1a shows the DFM images of individual gold decahedra
(orange) and triangular prisms (red) on a glass substrate, and
Fig. 1b shows the gold rods and spheres. The spheres (50 nm
in diameter) scatter green light, whereas the rods, with a mean
aspect ratio of 2.8, scatter red light. Particle agglomerates appear
as white or yellow scattered light.
So far, most DFM investigations have focused on understanding
the size- and shape-dependent optical properties of small metal
particles. The goal is to extend these investigations to include the
study of chemical reactions by combining DFM and surface

The particle catalyses the reaction if the rates of the above
reactions are faster than the direct electron transfer from the
donor, D2, to the acceptor, A, in a bulk solution. The
microelectrode model has been used successfully to explain many
different types of catalytic reaction including enzyme catalysis14,
open circuit reactions on electrodes15,16 and colloid catalysed
hydrogen formation from water4,17–19.
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Figure 1 DFM images of gold nanocrystals of different shapes.
a, Nanodecahedra and triangular prisms. b, Nanorods and 50-nm spheres.
Scale bars, 50 mm.

plasmon spectroscopy (SPS). One such class of reaction includes
nanoparticle-catalysed oxidative processes. For these reactions, it is
necessary to be able to monitor the changes in electron densities of
the individual particles throughout the catalytic cycle. It is a wellknown fact that the SP resonances of metal nanocrystals are sensitive
to perturbations such as electron charging13. According to the
microelectrode model of redox catalysis11,12, a small metal particle in
a solution couples two redox reactions by acting as a reservoir for
the electrons. In the first step, a donor molecule transfers the
electrons to the nanocrystal (NC) through the following reaction:
D ! D þ e
NC

ð1Þ

These electrons are then transferred to the acceptor couple as given
in the following reaction:

A þ e
NC ! A

© 2008 Macmillan Publishers Limited. All rights reserved.

ð2Þ
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Figure 2 Gold-catalysed oxidation of ascorbic acid. a, Scattering spectra of the decahedron shown in Fig. 2d before and at 1, 2, 3 and 60 min after electron
injection by ascorbate ions. b, Spectral shift as a function of time for the catalysis reaction and for the control experiment. The error bars represent the error in
determining the peak position from the Lorentzian fitting procedure. c, Plot of the sensitivity of the SP resonance to changes in electron density for different shaped
gold nanocrystals. The medium relative permittivity is 1m ¼ 2.025, and L is the depolarization factor, which describes the nanocrystal morphology. d, SEM image of
the gold decahedron used in the catalysis experiments of Fig. 2a – c. Scale bar, 100 nm.

SPS enables us to detect the transferred electrons stored in a
single catalyst particle and to quantify their concentration in
real time. The stored electrons alter the plasma frequency of the
metal, leading to a blueshift in both the extinction and scattered
light spectra of the particle13. This enables us to monitor, for the
first time, the steady-state charge on an individual particle. Within
the dipole approximation, maximum light scattering from a small
gold catalyst particle coincides with the peak wavelengths of the
SP modes. The relationship between the observed shift in the SP
peak wavelength, Dl, and the change in the nanoparticle electron
density, DN, has previously been derived from the Rayleigh
equation and agrees well with the experimental data for the
charging of bulk nanocrystal samples. This relationship is given by20

Here N is the electron density of the metal, 11 the high-frequency
dielectric constant of the metal (12.2 for gold), L the shape factor
of the nanocrystal, lp the bulk plasma wavelength (131 nm for
gold), l0 the position of the SP peak for the uncharged
nanocrystal and 1m the dielectric permittivity. Spectral shifts can
be monitored with a time resolution of just a few seconds,

allowing us to monitor the kinetics of electron injection into
single nanocrystals in real time.
It is important to note that Rayleigh scattering is proportional
to d6, where d is the diameter of the particle. This limits the DFM
technique to particles with dimensions .50 nm. Therefore, the
work described here has been performed with particles
having sizes of the order of tens of nanometres to provide a
first approach to understanding catalytic reaction mechanisms.
The method allows one to study the effects of different
crystal geometries and crystal facets on the rates of catalysis.
Functional gold catalysts, on the other hand, are of the order
of 2–10 nm in size and do not scatter light efficiently enough
to be detected using DFM with current CCD detectors. However,
incremental improvements in the design of the detectors should
enable us to eventually study the particles in this size regime.
We consider, for example, the gold-catalysed oxidation of
ascorbic acid by dissolved oxygen. The direct electron transfer
reaction is very slow in an aqueous solution. In the presence of a
gold catalyst, electrons are injected into the nanoparticle by the
ascorbic acid21. A colloid containing predominantly gold
decahedra was used for this experiment. For this reason, we
assume that the particle analysed was a decahedra, but the same
method would apply for other shapes. Figure 2a shows the
Rayleigh spectra for the single gold nanocrystal as a function of
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Figure 3 Growth of a single gold nanorod. a, Evolution of the scattering spectrum of a gold nanorod (aspect ratio 2.87) after a growth solution containing CTAB,
HAuCl4 and ascorbic acid (reducing agent) is added. Spectra are normalized and the full lines are the Lorentzian fits to the experimental data. b, SP band position as
a function of time for the growth experiment and for a control experiment. The error bars represent the error in determining the peak position from the Lorentzian
fitting procedure. c, Typical DDA target constructed to simulate hemispherically capped gold nanorods containing 52,000 dipoles and aspect ratio of 2.87.
d, Predicted SP position versus aspect ratio for hemispherically capped rods in a medium with relative permittivity 1m ¼ 2.025 based on DDA results.

the reaction time. The SP band cyclically shifts  20 nm during
catalysis. A blueshift of the SP band is observed for more than
3 min as the electrons are injected13,21,22, following which a
plateau is reached where the gold particles have the highest
electron density built up during the cycle. Following the plateau,
the spectra then redshift back to the initial position of the SP
band, as shown in the final 60-min spectrum. It is reasonable to
consider that this shift reflects the electron density of the particle
returning to its initial state and is due therefore to the discharge
of the excess electrons from the particle through the reduction of
oxygen to water. Following this reasoning then, the redshift
occurs once the ascorbic acid has been oxidized:

Oxygen discharge is quite slow because ascorbic acid initially
reduces any oxygen present in the solution, and the oxygen must
diffuse back into the solution to pick up the stored electrons.
This facilitates the build up of a large negative charge on the
decahedron before oxygen reduction can compete and,
consequently, the gold catalyst accumulates an enormous steadystate electron density. A small decrease in the scattering intensity
is also observed as the reaction proceeds and the spectra were
therefore normalized for better visualization.
It is well known that changes in the refractive index of the
surrounding medium, the temperature and the presence of dissolved
gases can influence the scattering spectra of gold nanoparticles10–12.
Control experiments were conducted under the same experimental

conditions as the catalytic reaction but in the absence of ascorbic
acid. The results are shown in Fig. 2b. In the absence of ascorbate
ions, the spectra of individual nanoparticles on glass in water were
observed to be very stable over time, indicating that the blueshift
observed was caused exclusively by the electron injection.
Figure 2c shows the calculated spectral shifts for a gold particle
as a function of the relative electron density, for a range of shape
factors, using equation (3). The blueshift is almost linear but the
slope is very sensitive to the shape of the particle. Spherical
surfaces (L ¼ 0.33) exhibit the weakest sensitivity, whereas
elongated rods or other needle-like shapes with smaller
depolarization factors exhibit the highest spectral shift per stored
electron. For a small decahedron, L is  0.17. To explain the
observed blueshift from 620 to 600 nm, a 7% increase in electron
density is required. An increase in the electron density of this size
will result in a large negative potential on the gold cluster,
bringing into question the possibility of other effects such as a
shape change to the particle. The reversibility of the SP shift
following the charge buildup, however, argues against this.
On the basis of high-resolution transmission electron
microscopic images, it is found that a single decahedron in this
sample contains 1  107 gold atoms (Fig. 2d). This means that
830,000 electrons would have to be added in 3 min, that is,
4,600 electrons per second, to cause such a blueshift. As the gold
decahedron becomes negatively charged, the injection rate would
be expected to decelerate as observed in Fig. 2a, whereas the rate
of electron transfer from the cathodically charged catalyst particle
to oxygen will gradually increase. The redshift because of oxygen
reduction corresponds to a consumption of 65 O2 molecules per
second. These spectra constitute the first direct measurements of
the rates of both steps of a redox reaction on a single nanocrystal.
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Aun þ ze ! Auz
n
z
z
þ
Auz
n þ O2 þ zH ! Aun þ H2 O
4
2

ð4Þ
(5)
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The growth of gold nanoparticles with different morphologies
from spherical gold seed particles is well known23. The gold
atoms, produced by reduction of AuCl2
4 , deposit onto the facets
with the lowest surface free energy. The stored electrons
resulting from injection by ascorbic acid in the presence of
cetyltrimethylammonium bromide (CTAB)24–26 can also be used
to reduce AuCl2
4 to gold metal, which will deposit on the crystal
faces of the single nanoparticles [equation (6)]. Gold rods
provide an excellent test of this system, as deposition of even a
small amount of gold metal on the rod tips, the lowest energy
surface, will result in a relatively large redshift in the nanocrystal
spectrum because of the change in the aspect ratio. Growth of
particles of other shapes requires many more gold atoms to be
deposited to produce similar redshifts in the spectrum:
z
4z 

Cl
Auz
n þ AuCl4 ! Aunþz=3 þ
3
3

ð6Þ

The above reaction has a much lower overpotential than reaction
(5), so the steady-state charge on the gold catalyst is very small.
However, an increase in the rod length causes the SP band to
redshift because the shape factor L decreases as the rod grows24,25.
Figure 3 shows the evolution of the spectrum of a single gold
nanorod (of width 20 nm) upon reaction with AuCl2
4 in the
presence of ascorbic acid. Using the known shape factors for gold
rods, determined by discrete dipole approximation (DDA)
simulation27, the peak position, shown in Fig. 3b, can be
converted into a changing nanocrystal size, and the rod aspect
ratio is found to be increased from 2.87 to 3.01. The increase
in aspect ratio corresponds to the deposition of 50,000 atoms
for an 8-min reaction time or just 100 atoms of gold
every second.
In conclusion, we report the direct observation of redox
reactions on single nanocrystals for the first time using DFM.
Electron transfer rates of 4,600 electrons per second can be
directly measured and, in favourable cases, we have monitored
chemical reaction rates of just 65 molecules of O2 per second.
The sensitivity is limited by the intrinsic SP band shift per
electron added and by the current signal-to-noise collection
efficiency of the CCD spectrometer. Improved signal-to-noise
ratios open up the intriguing possibility of detecting the
reactions of single molecules on nanocrystal surfaces
and studying the quantum reaction regime, where the
catalyst functions by accepting and transferring only one electron
at a time.

SAMPLE PREPARATION

Glass slides were cleaned by sonication in dichloromethane, then
acetone, then 10% NaOH and finally twice with Milli-Q water29.
The stock gold nanoparticle solutions were diluted to half their
original concentration using a 1% PVA in water solution. The
mixture was spin cast onto clean, dry glass slides (30 ml,
3,000 r.p.m. for 5 s). The samples were allowed to dry for at least
5 min before being used. For the catalysed oxidation of ascorbic
acid, a 0.558 M ascorbic acid solution was added dropwise onto
the glass slide containing gold nanoparticles, and the spectrum of
an individual nanoparticle was collected before and after the
addition (every minute for 10 min, then after 60 min). As a
control experiment, distilled water was added dropwise onto the
glass slide containing gold nanoparticles, and the spectrum of an
individual nanoparticle was collected every 5 min for 60 min.
For the rod growth reaction, a growth solution containing
0.1 M CTAB, 8  1025 M AgNO3, 5  1024 M HAuCl4 and
5.52  1025 M ascorbic acid was added dropwise onto the glass
slide containing nanorods. The spectrum of an individual
nanorod was collected every 2 min for 10 min. Spectra could not
be collected further due to the crystallization of CTAB on the
slide. The crystals, deposited on top of and among nanorods,
scattered light very intensely, creating a too bright background.
As a control experiment, distilled water was added dropwise onto
a glass slide containing nanorods, and the spectrum of an
individual rod was collected every 5 min for 60 min.
SINGLE-PARTICLE SPECTROSCOPY

Spectra of individual gold nanoparticles were recorded by
collecting their scattered light with a Nikon Eclipse TE-2000
microscope coupled to a Nikon Dark-field Condenser, as
described elsewhere9. The scattered light was collected by a Nikon
Plan Fluor ELWD 40/0.60 NA objective and focused onto the
entrance port of a MicroSpec 2150i imaging spectrometer
coupled with a TE-cooled CCD camera (PIXIS 1024B ACTON
Princeton Instruments). The spectra were integrated for 60 s. The
raw spectra were normalized for background light.
Received 13 May 2008; accepted 30 July 2008; published 14 September 2008.
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