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Metal nanoparticles are key electrode materials in a variety of electrochemical applications 

including basic electron-transfer study, electrochemical sensing, and electrochemical surface 

enhanced Raman spectroscopy (SERS). Metal nanoparticles have also been extensively applied to 

electrocatalytic processes in recent years due to their high catalytic activity and large surface areas. 

Because the catalytic activity of metal nanoparticle is often highly dependent on their size, shape, 

surface ligands, and so forth, methods for examining and better understanding the correlation 

between particle structure and function are of great utility in the development of more efficient 

catalytic systems. Despite considerable progress in this field, the understanding of the structure–

activity relationships remains challenging in nanoparticle-based electrochemistry and 

electrocatalysis due to limitations associated with traditional ensemble measurements. One of the 

major issues is the ensemble averaging of the electrocatalytic response which occurs over a very 

large number of nanoparticles of various sizes and shapes. Additionally, the electrochemical 

response can also be greatly affected by properties of the ensemble itself, such as the particle 

spacing.

The ability to directly measure kinetics of electrochemical reactions at structurally well-

characterized single nanoparticles opens up new possibilities in many important areas including 

nanoscale electrochemistry, electrochemical sensing, and nanoparticle electrocatalysis. When a 

macroscopic electrode is placed in a solution containing redox molecules and metal nanoparticles, 

random collision and adsorption of nanoparticles occurs at the electrode surface in addition to 
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redox reactions when a suitable potential is present on the electrode. In a special case where 

particles are catalytically more active than the substrate, the faradaic signals can be greatly 

amplified on particle surfaces and a steady shift in the baseline current would be expected due to 

many particles adsorbing on the electrode.

Single particle events can be temporally resolved when an ultramicroelectrode (UME) is used as 

the recording electrode. The use of an UME not only reduces the collision frequency, but also 

greatly decreases baseline noise, thereby resulting in clear resolution of single collision events. 

Single particle collision has quickly grown into a popular electroanalytical technique in recent 

years. Alternatively, one can use nanoelectrodes to immobilize single nanoparticles so that they 

can be individually studied in electrochemistry and electrocatalysis. Nanoparticle immobilization 

also allows one to obtain detailed structural information on the same particles and offers enormous 

potential for developing more comprehensive understanding of the structure–function relationship 

in nanoparticle-based electrocatalysts. This Account summarizes recent electrochemical 

experiments of single metal nanoparticles which have been performed by our group using both of 

these schemes.

1. Introduction

Nanoparticles have received tremendous attention in recent decades due to their unique 

structure-dependent catalytic properties. For example, Ni and Pd nanoparticles show high 

activity for methanol oxidation on their {111} crystal facets.1,2 Nanoparticle size3–5 and 

surface ligands6–9 also have clear effects on their catalytic activity. While these studies have 

made use of nanoparticle ensembles, averaging effects and possible overlap between the 

diffusion layers of separate particles can negatively impact the utility of electrochemical 

information gained from such measurements. Methods for examining individual 

nanoparticles are therefore highly desirable.

Our research toward understanding electrochemistry and electrocatalysis at single 

nanoparticles includes work with nanoparticle immobilization and collision. In the first 

method, a nanoparticle is isolated through attachment to the tip of a nanoelectrode followed 

by potential scanning to record single particle response; immobilization may be achieved via 

direct adsorption to an electrode surface,10,11 electrodeposition,12–14 or electrostatic 

interaction.15,16 Nanoparticle collision involves the detection of an enhanced faradaic signal 

from single nanoparticles colliding on a microelectrode. Although this exact scheme was 

introduced by the Bard group,17–21 a similar procedure was originally described by Lemay 

and co-workers in which nanoparticle collisions were detected via current inhibition.22

In the realm of nanoparticle immobilization, single Au particles were attached to chemically 

modified Pt or Au nanoelectrodes.15,23 The resulting single nanoparticle electrodes (SNPEs) 

were then characterized via transmission electron microscopy (TEM), cyclic voltammetry, 

and underpotential deposition (UPD) of Cu. This method can be used to determine how the 

voltammetric response of a nanoparticle is related to size and shape. This scheme was also 

used to investigate the oxygen reduction reaction (ORR) in order to demonstrate single 

nanoparticle electrocatalysis.
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Many exciting experiments involving nanoparticle collisions have been reported by the Bard 

group24–27 and several others.28–43 In our group, AgCl has been deposited onto a carbon 

fiber microelectrode (CFE) and used as a redox indicator for particle collision.44 

Additionally, we have employed fast-scan cyclic voltammetry (FSCV) in particle collision 

experiments.45 The use of FSCV offers unique chemical resolution and the ability to extract 

kinetic parameters on single colliding nanoparticles.46

2. Single-Particle Immobilization

Single nanoparticle immobilization requires the use of nanoelectrodes whose dimensions are 

comparable to the particle size. To demonstrate this concept, individual Au nanoparticles 

have been attached to the tips of laser-pulled Pt nanoelectrodes. This approach has enabled 

the collection of faradaic responses from single nanoparticles.15 A key step in this method is 

the fabrication and functionalization of nanoelectrodes approaching molecular dimensions.

Pt nanoelectrodes with tip radii approaching 2 nm were created in a laser puller.47 Briefly, a 

Pt microwire was inserted and sealed in a piece of quartz capillary tubing. The microwire/

quartz assembly was pulled into two nanowire tips followed by tip exposure. Au 

nanoelectrodes were also fabricated by etching the exposed Pt followed by Au deposition 

and polishing.23 Nanoparticle immobilization was accomplished through the use of a 

molecular linker (CH3O)3Si(CH2)3NH2 on the Pt surface or 1,6-hexanethiol on Au. Single-

particle immobilization allows one to use electron microscopy to correlate nanoparticle 

structure with electrochemical response. Figure 1a shows a TEM image of a ∼15 nm Au 

nanoparticle immobilized on an ∼10 nm Pt nanoelectrode. The particle size can also be 

determined through Cu UPD.

Au SNPEs were also characterized with cyclic voltammetry prior to TEM or UPD analysis. 

The CVs of a bare Pt electrode with and without silane-modification, and after immobilizing 

an Au nanoparticle were recorded in K3Fe(CN)6 as shown in Figure 1b. Note the lower 

current exhibited by the silane-modified electrode relative to bare Pt which is due to the 

higher electron-transfer resistance of the silane monolayer. The larger signal of the Au SNPE 

is due to the larger nanoparticle size and the enhanced electron tunneling across the 

monolayer. An interesting negative shift is observed in the E1/2 after silane modification, 

thereby indicating that an increase in the irreversibility accompanies this change.

The increasing current observed in Figure 1b indicates that the limiting current is dependent 

more on the size of the Au nanoparticle and less on the base electrode. The limiting current, 

id, at the Au nanoparticle can be estimated using the following equation which corresponds 

to a spherical electrode on a large surface

(1)

where F is the Faraday constant, D and Cb are the diffusion coefficient and bulk 

concentration of the redox molecule, respectively, n is the number of electrons transferred, 

and a is the nanoparticle radius.
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In order to demonstrate the utility of these Au SNPEs in nanoparticle electrocatalysts, the 

voltammetric response of Au SNPEs in ORR was examined. The CVs in Figure 1c 

correspond to ORR on a bare Pt nanoelectrode and three Au nanoparticles of different sizes. 

Attachment of the Au nanoparticle results in a fast reduction wave with a half-wave potential 

of only −0.07 V and ORR current that is correlated to the particle size. These results indicate 

that the Au nanoparticles exhibits good ORR activity. Note also from Figure 1c that 

increasing steady-state currents and decreasing half-wave potential are associated with 

increasing nanoparticle size, an observation which indicates somewhat paradoxically that 

larger particles are more catalytically active. However, the validity of such a conclusion is 

rendered somewhat questionable when the effects of particle size on the rate of diffusion are 

taken into account. The effects of mass transport rate on E1/2-values are discussed in greater 

detail in section 3.2 below.

In summary, single-particle immobilization is of great utility in the study of individual 

nanoparticles. The use of a nanoelectrode support opens up new opportunities to correlate 

electrochemical property with nanoparticle structure at a true single-nanoparticle level. This 

method may also enable one to study optical properties of individual nanoparticles under 

electrochemical control. However, this method has low throughput and exhibits challenges 

in nanoparticle imaging which need to be addressed in future studies.

3. Single-Nanoparticle Collision

The method of single-particle collision is an exciting alternative for examining the faradaic 

current response of large numbers of individual nanoparticles, albeit without obtaining 

detailed structural information. Collision and adsorption of nanoparticles and molecular 

species on an electrode are common processes in electrochemical systems. These processes 

can take place on a macroscopic electrode at exceedingly high frequencies, and are therefore 

challenging to individually resolve under normal conditions. A key factor in the resolution of 

single collision events is the use of an UME which allows one to greatly reduce the collision 

frequency.

When catalytically active nanoparticles come into contact with an inert UME in a solution of 

redox molecules (e.g., hydrazine), transient current increases may be observed due to 

enhanced catalytic activity on nanoparticle surfaces (see Figure 2). The current response of 

these collisions may adopt one of two general forms: a staircase pattern or a blip pattern. If 

the nanoparticles desorb or deactivate on a time scale that is relatively long compared to that 

of the experiment, the result is an amperometric curve which exhibits an increasing series of 

current plateaus (a “staircase” pattern). If particle desorption or deactivation is fast, a current 

response resembling a series of sharp spikes (“blips”) may be observed.

3.1. AgCl Reduction as a Collision Indicator

Because redox molecules in solution can negatively affect the stability of the nanoparticles, a 

method which does not require the presence of such species is desirable. One such scheme 

involves the reduction of AgCl patches deposited on a CFE.44 Because AgCl reduction on 

Ag is much faster than on carbon, Ag nanoparticles can be readily detected on an AgCl-

modified CFE. This method used a square-shape voltage waveform to detect collision of Ag 
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nanoparticles. First, a + 400 mV potential vs Ag/AgCl was applied on the carbon to oxidize 

80 nm Ag nanoparticles and to form patches of insulating AgCl. A reduction potential was 

subsequently applied on the same electrode in order to detect nanoparticle collisions when 

they catalyzed the reduction of AgCl back to Ag. Figure 3 shows detection traces at five 

reduction potentials. The low frequency indicates that a collision event may only be 

observed at or near the location of the deposited AgCl. The absence of detection spikes in 

the −600 mV trace may be attributed to the fact that all of the AgCl patches on the electrode 

were directly reduced on carbon. This process was also used to detect 4 nm Au 

nanoparticles. Thus, the use of AgCl on a CFE provides a general detection strategy for 

metal nanoparticles.

3.2. Single-Particle Collision by Fast-Scan Cyclic Voltammetry

Nanoparticle collision experiments are simple and can probe hundreds of particles in a few 

minutes. However, the actual chemical information obtained is limited because only a single 

peak current is recorded from each particle. In order to address this challenge, FSCV has 

been used to study Pt and Au nanoparticles in hydrazine.45 In FSCV, the electrostatic 

potential on a CFE was continuously scanned at fast scan rates up to 1000 V/s, thereby 

allowing a series of CVs to be collected for each new particle adhering to the electrode 

surface.

Figure 4a displays an FSCV color plot of five collision events of Pt nanoparticles recorded at 

400 V/s. Figure 4b and c displays the current–voltage trace at +0.1 V and a CV at 7.7 s, 

respectively. Note that the falling current subsequent to each spike in the current–time trace 

may be attributed to particle deactivation. Despite the rapid scan rate, the CV in Figure 4c 

nevertheless exhibits a sigmoidal shape arising from rapid diffusion and kinetic limitation.

A unique feature of FSCV is the ability to obtain chemical resolution. An FSCV color plot 

displaying 11 collisions recorded in a mixed solution of Pt and Au nanoparticles is shown in 

Figure 5a, while Figure 5b shows three CVs collected for the 5th, 8th, and 11th 

nanoparticles. Due to their different catalytic activities, particles of differing compositions 

may be readily distinguished from one another via their CVs. The CV shown for the fifth 

collision (black trace) is therefore indicative of an Au particle, the eighth (blue trace) 

indicates Pt, and the 11th (red trace) indicates a dual Au–Pt particle.

FSCV can also be used to better explain the catalytic activity of single nanoparticles.46 

Onset potentials (Eonset) and half-wave potentials (E1/2) were extracted from Pt and Au 

single-particle CVs in hydrazine. Surprisingly, all of the particles exhibited increasing Eonset 

and E1/2 values with decreasing particle size. This trend is exemplified especially well in 

Figure 6 which displays plots of average E1/2 and Eonset versus inverse particle radius for 

both Au and Pt nanoparticles. An explanation for these seemingly unexpected results lies in 

the faster mass transfer of reactants (hydrazine) on smaller nanoparticles. In order for the 

forward reaction rate (which is determined by the value of the forward rate constant, ka) to 

match this increased rate of mass transfer, a larger potential must be applied, as is indicated 

by eq 2 below
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(2)

where k° is the standard electron transfer rate constant, α is the charge transfer coefficient, 

Eapp is the applied potential, E° is the standard potential of hydrazine, R is the gas contact, T 
is absolute temperature, and other factors are previously defined. The increased positive shift 

exhibited on the 10 nm nanoparticles may be attributed to their cubic shape and larger 

polyacrylate ligands.

Due to these increased mass transfer effects, the relative electrocatalytic activity of single 

nanoparticles of different sizes may not be determined through simple comparisons of Eonset 

and E1/2 values without also conducting appropriate kinetic analyses. One can model the 

diffusion and oxidation of hydrazine at the surface of a single nanoparticle using numerical 

simulation. Adsorbed hydrazine oxidation occurs according to an initial 1-e− rate-

determining step (RDS), after which three subsequent fast 1-e− processes take place, as is 

shown below.

(3)

(4)

Note that the overall rate of this reaction is determined by the forward rate constant, ka, as 

defined in eq 2. The flux of hydrazine molecules to the surface of a nanoparticle may be 

expressed according to eq 5 below

(5)

where CR is the hydrazine concentration at the electrode and all other parameters have been 

previously defined. Using this model, simulated CVs were generated and the values of α and 

k° were varied until the simulation matched the experimental CVs. Figure 7 shows overlay 

plots of simulated and experimental CVs and the corresponding α and k° values. Note that 

while there appears to be good correlation exhibited between the simulated and experimental 

data, the discrepancies observed for the larger nanoparticles may be attributed to 

nanoparticle geometry. This effect could result in surface roughness or the appearance of 

specific crystal faces which are better capable of accommodating preadsorption of 

hydrazine, thereby resulting in faster hydrazine oxidation during the anodic scan and 

explaining the peaks which are observed in the experimental CVs from panels (b) and (d) of 
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Figure 7. Particle deactivation may also contribute to these peaks, although the extent of 

such effects is not entirely clear.

The values of α and k° extracted from different sized Au and Pt nanoparticles are 

summarized in Table 1. One can see a very clear increasing trend in k° is exhibited as 

particle size decreases. It is also interesting to note that all of the Pt nanoparticles exhibit 

larger α-values than their Au counterparts. A possible explanation for this observation is that 

proton adsorption on Pt may block catalytic sites and hinder hydrazine oxidation. In 

contrast, Au exhibits a much lower proton affinity.

To summarize, FSCV is a powerful technique which not only provides unique chemical 

resolution, but also enables the estimation of kinetic parameters at single nanoparticles. This 

method therefore exhibits tremendous potential in future electrocatalytic studies at single 

nanoparticles. The temporal resolution of FSCV is slightly lower than amperometry due to 

the requirement for continuous voltage scan. However, FSCV can provide useful 

mechanistic information which can be difficult or impossible to obtain with other methods.

4. Conclusions and Future Work

Single-particle measurements hold great potential for better understanding nanoparticle 

electrocatalysis. TEM imaging, single-particle immobilization and collision are all powerful 

techniques for probing the structure–function relationships of metal nanoparticles while 

avoiding ensemble averaging. However, there are certain shortcomings which are specific to 

each technique. Single-particle immobilization provides an excellent balance between 

electrochemical information gained through voltammetry and structural information 

obtained via TEM. However, it is both challenging and exhibits low throughput at the 

current stage. Single-particle collision allows one to analyze hundreds of nanoparticles in a 

few minutes, albeit at the cost of obtaining only a single peak current at a given voltage for 

each colliding particle (analogous to a single point in a CV) with no structural information at 

all. Incorporation of FSCV into single-particle collision increases the amount of 

electrochemical information that may be obtained; the absence of structural information is 

still an issue, however. Single-particle collision coupled with in situ TEM and FSCV could 

therefore provide an exciting focus for future research. Such an amalgamation of techniques 

would enable the collection of both structural and electrochemical information through time-

correlation of TEM images collected following individual collision events with the 

corresponding CVs.
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Figure 1. 
(a) TEM image of a single Au nanoparticle immobilized on a Pt nanoelectrode. (b) CVs at 

10 mV/s of a 9.0 nm bare Pt electrodes before (black), after APTMS-modification (red), and 

after modifying with a 24 nm Au particle (green) in 5.0 mM K3Fe(CN)6 and 0.2 M KCl. (c) 

CVs at 10 mV/s of a bare 7 nm Pt nanoelectrode (black), a 14 (red), an 18 (green), and a 24 

nm Au SNPEs (blue) in an oxygen-saturated 0.10 M KOH solution. Reproduced with 

permission from ref 15. Copyright 2010 American Chemical Society.
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Figure 2. 
General scheme for a single nanoparticle collision experiment. Reproduced with permission 

from ref 46. Copyright 2016 American Chemical Society.
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Figure 3. 
Five amperometric traces of a 7 μm AgCl modified CFE showing detection of single 

collisional events of Ag nanoparticles at different potentials in 0.1 M KCl and 10 mM 

trisodium citrate containing 0.65 pM 80 nm Ag nanoparticles. Reproduced with permission 

from ref 44. Copyright 2016 Electrochemical Society.
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Figure 4. 
Single collisional events of platinum nanoparticless on carbon. (a) A 60 s FSCV recording at 

ν = 400 V/s showing detection of 5 Pt nanoparticles on a 5 μm CFE in a 15 mM hydrazine 

solution. (b) Current–time trace taken from (a) at +0.1 V showing single-particle current 

peaks similar to that recorded with amperometry. (c) Background-subtracted CV of a 4 nm 

Pt particle recorded at 7.7 s in (a). Reproduced with permission from ref 45. Copyright 2014 

American Chemical Society.
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Figure 5. 
Chemically resolving single nanoparticles. (a) A 60 s FSCV color plot showing detection of 

11 single collision events on a 5 μm CFE in 15 mM hydrazine. (b) Single-particle CVs 

extracted from particles 8, 11, and 5, respectively. Reproduced with permission from ref 45. 

Copyright 2014 American Chemical Society.

Anderson and Zhang Page 15

Acc Chem Res. Author manuscript; available in PMC 2017 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Plots of the averaged E1/2 and Eonset from all the mass transfer limited nanoparticle events vs 

the inverse of the TEM-determined radii. Panels (a) and (b) are from the gold particles and 

(c) and (d) are from the platinum particles. Error bars indicate standard error of the mean. 

Reproduced with permission ref 46. Copyright 2016 American Chemical Society.
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Figure 7. 
Experimental CVs and their corresponding simulation from four example nanoparticles from 

the listed colloidal solutions: (a) 12 nm Au, (b) 50 nm Au, (c) 4 nm Pt, and (d) 30 nm Pt. 

Simulated CVs were obtained using the listed parameters. Only the forward scans are 

shown, and each experimental CV was taken at 25 V/s in 10 mM hydrazine containing 50 

mM phosphate buffer (pH 7.4). Reproduced with permission ref 46. Copyright 2016 

American Chemical Society.
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Table 1
Averaged Values of the Different Nanoparticle “Batches” For the Charge Transfer 
Coefficient (α) Determined from Simulation and the Standard Heterogeneous Electron 

Transfer Rate Constant (k°)a

α (simulation) k° (cm/s)

5 nm Au 0.540 ± 0.020 8.75 ± 3.7 (10−5)

12 nm Au 0.477 ± 0.015 9.64 ± 5.5 (10−6)

50 nm Au 0.501 ± 0.015 7.08 ± 4.2 (10−6)

4 nm Pt 0.742 ± 0.006 8.71 ± 2.0 (10−2)

10 nm Ptb 0.775 ± 0.003 7.66 ± 0.88 (10−2)

30 nm Pt 0.758 ± 0.007 4.23 ± 0.62 (10−2)

a
Reproduced with permission ref 46. Copyright 2016 American Chemical Society.

b
Cubic nanoparticles capped with polyacrylate.
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