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ABSTRACT Individual fullerene nanoparticles are detected and sized in a non-aqueous
solution via cathodic particle coulometry where the direct, quantitative reduction of single
nanoparticles is achieved upon collision with a potentiostated gold electrode. This is the first
time that the nanoparticle impact technique has been shown to work in a non-aqueous
electrolyte and utilized to coulometrically size carbonaceous nanoparticles. Contrast is drawn

between single-nanoparticle electrochemistry and that seen using nanoparticle ensembles via

modified electrodes.

Au electrode

KEYWORDS: fullerene nanoparticles - nano-Cs, - single-nanoparticle sizing - cathodic particle coulometry -

nanoparticle—electrode collision - nanoimpacts

lectrochemical techniques have been
invaluable in the investigation of full-
erene molecules with the most stud-
ied being buckminsterfullerene, Ceo.' Ceo
has been found to undergo both oxidation
and reduction.? Up to six successive one-
electron reductions of Cgq in solution have
been reported under certain conditions.?
While the electrochemistry of Cgo mol-
ecules, C¢o molecular films and other col-
loidal carbon-based materials* have been
studied in detail, the electrochemical
properties of Cgo nanoparticles (NPs), or
nano-Ceo, remain unexplored.>® The nano-
particulate form of Cgo has gained increasing
attention due to the spontaneous aggrega-
tion of Cgo molecules in environmental waters
to form nano-Ceo.” Significant environ-
mental exposure to Cgo and thus nano-Cgq
formation is likely given the mass produc-
tion of Cgo for manifold applications ranging
from cosmetics® to photovoltaics,9 while
Ceo has also been found to occur naturally
in the environment.'®'" Reports that nano-
Ceo is bactericidal’? and toxic to human cell
lines™ have resulted in a need to monitor
these carbonaceous nanoparticles.
A method to detect individual NPs has
been developed where an electrocatalytic
reaction occurs exclusively on NPs in contact
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with an inert electrode surface, thereby re-
sulting in an amplification of the current
response upon NP—electrode collision."*~"®
The detection of single-walled carbon nano-
tubes (SWCNTs) has been achieved using
this non-coulometric NP-impact technique
via investigation of increasing electrode
area and therefore amplified currents for
ferrocenemethanol oxidation upon SWCNT
collision.?® One drawback of this electro-
catalytic amplification method for NP detec-
tion is that the types of NP and electrode
materials that can be studied are limited, as
the electrode needs to be inert while the NP
needs to catalyze the redox reaction of
interest.

Particle coulometry is an alternate tech-
nique to detect individual NPs that is not
limited by NP and electrode materials. An-
odic particle coulometry detects NPs in
solution via their direct oxidation during
stochastic collision events at a potentio-
stated electrode and was originally devel-
oped to study single metal NPs in agqueous
solution.?’ The technique has been further
adapted and applied to size impacting
organic®? and metal oxide®®* NPs and termed
cathodic particle coulometry, as these NPs
are reduced upon contact with an electrode.
Particle coulometry techniques can provide
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Figure 1. Schematic for the synthesis and electrochemical detection of impacting nano-Cg, particles at a gold microelectrode
where nano-Cg is reduced upon collision via the transfer of one (represented by the color change from purple to blue) or
three electrons, resulting in dissolution of the generated Cqo>~ anions.

the user with information regarding NP size,*' concentra-
tion,?* stability,>> and electron transfer kinetics.?® Im-
portantly in the present work the particle coulometry
method not only provides an analytical methodology
but also allows direct investigation of the morphology
dependency of the redox properties of the Cgp.

Herein cathodic particle coulometry is used to elec-
trochemically size individual nano-Cg, particles im-
pacting upon a gold electrode, and it is shown for
the first time that this coulometric NP sizing technique
can be employed not only for the detection of carbo-
naceous NPs but also in non-aqueous conditions. The
morphological influence of transitioning from a molec-
ular microcrystal ensemble to a nanoparticle ensemble
to isolated NPs on the electrochemical response of Cgq
is also investigated, and contrasts are drawn between
single-nanoparticle and nanoparticle ensemble studies.

RESULTS AND DISCUSSION

Nano-Cgq particles were synthesized via the repre-
cipitation method,?” and DLS was used to gain a size
distribution for the NP radius, which had a maximum of
16 nm (Figure 1), a size that was confirmed with SEM
(19 £ 4 nm).

The electrochemistry of molecular Cgy was investi-
gated prior to the electrochemical characterization of
the synthesized nano-Cg, particles. This approach was
chosen as the electrochemical response of molecular
Ceo films has been previously explored in the litera-
ture.?873° Therefore, the voltammetry of these well-
studied molecular Cgy films provides a useful com-
parison for the electrochemistry of the synthesized
nanoparticulate nano-Ceo. Figure 3a shows the voltam-
metric response of a molecular Cg film in 0.1 M NBu,4PF¢/
MeCN, where a gold electrode has been modified
with 0.15 mM Cgg in CH,Cl, (20 ulL) as in the work of
Tan et al*® Molecular Cgo microcrystals form on the
electrode surface upon evaporation of the solvent.?®
Ferrocene (2 mM) was added as an internal redox
marker for voltammetric experiments, and all poten-
tials are referenced to the ferrocene/ferrocenium redox
couple (Fc/Fct). Cathodic waves were observed for
the first three electron reductions of the molecular Cgq
microcrystals at —1.21, —1.43 and —1.90 V vs Fc/Fc™.
The large potential separation between the cathodic
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Figure 2. Size distribution for the synthesized stock suspen-
sion of nano-Cg particles (0.1 mM nano-Ce, particles in 10%
NMP/90% MeCN) measured via DLS and SEM image (shown
inset) of the same nano-Cg( stock suspension.

and corresponding anodic peaks observed for the
molecular Cgo microcrystal ensemble has been ex-
plained by structural reorganization on the electrode
surface to accommodate cation insertion.?®>° As re-
ported by Jehoulet et al., scanning the potential over
the third reduction resulted in the first and second
reoxidation waves being significantly altered.3® This
observed change suggests that Cgo>~ is soluble, and
hence dissolution of the Cgo microcrystals occurs after
the third electron transfer.3*3' Dissolution of the third
reduction product of the molecular Cg, microcrystals
was confirmed by holding the potential past the third
reduction wave for 20 s and then scanning back-
ward, revealing the loss of all reoxidation peaks (SI,
Figure S1a).

Having observed the same voltammetric response
for a Cgo microcrystal film as reported in the literature,?®
electrochemical characterization was performed on an
ensemble of the nano-Cg particles sized in Figure 2. A
gold electrode was modified by drop-casting 20 uL of
the nano-Cg stock suspension (nano-Ceq as-synthesized
in the absence of electrolyte), and cyclic voltammetry
was performed in 2 mM Fc/0.1 M NBu4PFs/MeCN
(Figure 3b). Three reduction waves were observed
at —1.09, —1.517 and —2.06 V vs Fc/Fc'. The redox re-
sponse was found to be markedly different from that
of the molecular Cgo microcystal film. In contrast to the
large separation between cathodic and anodic peaks
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Figure 3. Voltammetric profiles for a Au macroelectrode (r = 0.8 mm) modified with (a) a 20 uL solution of 0.15 mM Cg in
CH,Cl, and (b) a 20 uL suspension of 0.1 mM nano-Cg, particles in 10% NMP/90% MeCN to observe the one (blue line), two
(pink line), and three (green line) electron reductions of the C¢o ensembles. All measurements were performed in MeCN (2 mM
Fe(CsHs),, 0.1 M NBu4PFg) at a scan rate of 100 mV s~ . The redox couple observed at ~0 V is Fc/Fc'. Arrows represent scan

direction.

for the Cgo microcrystal ensemble, the nano-Cg,-
modified electrode exhibited a much smaller peak-
to-peak splitting reflecting voltammetry reported for
molecular Cgo> and Cgo Langmuir—Blodgett films.3°
This difference in electrochemical response demon-
strates that a change in the morphology of Cg, on the
electrode surface markedly affects electron transfer.
The only similarity between the responses at the
microcrystal and nano-Cgo ensembiles is that the third
electron reduction of nano-Cqy is also irreversible, as
evidenced by the absence of oxidative features in the
reverse scan. The dissolution of nano-Cgg on the third
electron reduction was confirmed via the same poten-
tial holding method used for the microensemble study
above (SI, Figure S1b). A scan rate study of the three-
electron reduction of nano-Cg (SI, Figure S2) demon-
strated that it is the dissolution of the generated Cgo®~
anions as opposed to the electron transfer that is the
irreversible step in this third electron reduction, as
the proportion of material being reoxidized back onto
the electrode surface following the transfer of three
electrons increases with increasing scan rate.

Having investigated the change in Cgq electrochem-
istry when transitioning from a molecular Cg, micro-
crystal ensemble to a nanoparticulate nano-Cg
ensemble, cathodic particle coulometry was subse-
quently employed to study the electrochemistry of
nano-Cgo nanoparticles at the single-nanoparticle
scale. Cathodic particle coulometry detects and sizes
individual particles in solution. An aliquot of nano-Cgg
was added to a thoroughly degassed solution of 0.1 M
NBu4PFg in MeCN, resulting in a nano-Cgo concentra-
tion of 116 pM before a gold microelectrode (r =5 um)
suspended in solution was potentiostated to —1.27 V
vs Fc/Fct. This chosen potential corresponds to the
one-electron reduction of nano-Cgy as inferred from
Figure 3b. Figure 4 shows the reductive spikes that
were observed in the 5 s chronoamperometric scans
measured post-addition of nano-Cg particles (Figure 4,
blue line). Note that no impact spikes were observed in
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Figure 4. Five second chronoamperogram for a gold micro-
electrode (r = 5 um) immersed in a 0.1 M NBu,PFs/MeCN
solution containing 116 pM nano-Cg, particles measured at
E=—1.27 Vvs Fc/Fc" (blue line) and E = —0.655 V vs Fc/Fc™
(pink line).

solution pre-addition of nano-Cg. Each of the reductive
spikes observed results from the charge transfer upon
a collision between nano-Cgo, moving via Brownian
motion in solution, and the gold microelectrode.
Increasing the electrode potential to one at which
the reduction of nano-Cg( does not occur (—0.655 V vs
Fc/Fc') caused the observed spikes to disappear
(Figure 4, pink line).

A total of 481 impact spikes were recorded for
the one-electron reduction of impacting nano-Cgg
(E=—1.27 Vvs Fc/Fc™), and the area under each current—
time spike was integrated to give the charge for the
reduction of each impacting NP. The charge distribu-
tion for the impact events recorded where one elec-
tron is exchanged is shown in Figure 5a, and the mean
charge of the spikes observed was —0.102 4 0.004 pC
(where the error of the mean charge is the standard
error of the mean given by SD/v/n where SD is the
standard deviation and n is the sample number, in
this case the number of spikes). If the whole NP is
reduced upon impact and a spherical particle shape
is assumed, the Faradaic charge measured for the
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Figure 5. (a) Charge distribution with a bin size of 0.01 pC for the one-electron reduction of nano-Ce, (116 pM) impacting a
gold microelectrode (r = 5 um) in MeCN (0.1 M NBu4PF¢) (b) Size distribution with a bin size of 1 nm for the one-electron
reduction of nano-Cg, (116 pM) impacting a Au electrode (r = 5 um) in MeCN (0.1 M NBu4PFs) (blue) overlaid with the size
distribution determined by SEM imaging of nano-C, particles dispersed in 0.1 M NBu4PFs/MeCN (pink, bin size = 2 nm) and

SEM image shown in inset.

observed NP—electrode collisions can be reinterpreted
to determine the radius of each impacting NP via

3/ 3MQ
"= \/ 47Fzp M

where M is the molecular mass of Csq in kg mol™", Qs
the charge measured in coulombs (C), F is Faraday's
constant in Cmol ™", zis the number of electrons trans-
ferred, and p is the density of Cgo measured in kg m™>.

The NP size distribution determined using eq 1 is
shown in Figure 5b (blue), and the mean radius was
45 £+ 12 nm (where the error is given by the SD),
significantly larger than the size of nano-Cgo in the
synthesized stock NP suspension measured using DLS
and SEM (~20 nm radius). It is well known that nano-
Ceo particles are prone to aggregation upon the addi-
tion of salt;*? therefore we suggest that the larger NP
size determined from the cathodic particle coulometry
experiment is due to the aggregation of nano-Cgo NPs
when dispersed in a 0.1 M NBu4PFs/MeCN solution. A
size distribution of nano-Cg, in the presence of the
electrolyte could not be measured via DLS, as the
aggregating particles resulted in a very high polydis-
persity within the sample. SEM analysis of nano-Cgq
particles in 0.1 M NBu4PFs/MeCN was performed to
determine if the NPs aggregate in the presence of the
electrolyte used for the cathodic particle coulometry
experiments. The measurements were carried out by
drop-casting a sample of the nano-Cg, particles sus-
pended in electrolyte on a SEM sample holder that had
been modified with a transmission electron microscopy
grid in order to minimize NP aggregation during sample
preparation. SEM analysis showed that the NP size
increased upon nano-Cg( dispersion in 0.1 M NBu4PFe/
MeCN, and relatively good agreement was found be-
tween the nano-Cg size distributions measured via SEM
and cathodic particle coulometry in the presence of
electrolyte (Figure 5b). There is an increased occurrence
of larger particles (radius ~80—150 nm) in the SEM-
determined NP size distribution, which could be due to
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the aggregation of nano-Cg, during preparation of the
SEM sample despite steps having been taken to mini-
mize this effect. Another possible explanation for the
discrepancy between the cathodic particle coulometry
and SEM-determined size distributions is that slower
diffusion coefficients of larger NPs will result in a
reduced collision probability during impact experi-
ments, and therefore larger NPs are less likely to be
measured via particle coulometry; this phenomenon
has been investigated using silver NPs by Lees et al.>®

The accurate sizing of nano-Cgo from impact events
observed when the electrode is held at the potential
for a one-electron reduction, as determined from
the voltammetric response of the nano-Cgo ensemble
(Figure 3b), demonstrates that there is no change in
the potential at which this first electron transfer occurs
when changing from an NP ensemble to individual
NPs. In contrast, changes are observed for the third
electron reduction of nano-Cgy when the electro-
chemical response of the NP ensemble is compared
to single collision events. It is known that peak poten-
tials can shift by up to hundreds of millivolts when the
voltammetry of an NP ensemble with strongly over-
lapping NP diffusion layers is compared to a case
where the NPs are isolated and therefore diffusionally
independent.®* The voltammetric response shown in
Figure 3b for the NP ensemble, where the NP diffusion
layers will be overlapping, demonstrates that the
second electron reduction of nano-Cg is a reversible
process, while the third cathodic wave observed is
irreversible and results in the formation of the soluble
Ceo>~ product that will diffuse away from the elec-
trode.3*3" For single collision events, a shift in potential
occurs only for the irreversible third electron transfer,
as the ease of nano-Cgq dissolution at the isolated NP
scale lowers the potential required for the third elec-
tron reduction and results from the strong divergent
diffusion of products away from individual NPs as
compared to the semi-infinite, planar diffusion seen
for high coverage layers on electrode surfaces. Figure 6a
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Figure 6. (a) Plot of potential for the third electron reduction peak of nano-Cg, against log(scan rate) for a 20 L nano-Ce,
modified Au macroelectrode (r = 0.8 mm) in a solution of 2 mM Fe(CsHs), 0.1 M NBu4PFg in MeCN. (b) Voltammogram of a Au
macroelectrode (r = 0.8 mm) modified with 20 uL of 0.1 mM nano-Cg, particles scanned in MeCN (2 mM Fe(CsHs),, 0.1 M
NBu,4PFg) at a scan rate of 100 mV s~ (green line) overlaid with a plot of potential against the mean charge transfer per
impacting nano-Cg, particle (blue symbols) where the error bars are determined by the standard error of the mean.

demonstrates that as the scan rate for nano-Cg ensemble
studies is decreased, the third electron reduction of nano-
Coo becomes more favorable and is observed at increas-
ingly positive potentials (voltammograms are shown in
the S|, Figure S2).

Cathodic particle coulometry experiments per-
formed at potentials corresponding nominally to the
second (E= —1.74Vvs Fc/Fc™) and third (E = —2.22Vvs
Fc/Fc™) electron transfers as inferred from the ensem-
ble studies (Figure 3b) show a shift in potential at the
single-NP scale. For impact events measured at the for-
mer potential the mean charge was —0.360 + 0.016 pC;
this charge transfer is identical to the mean charge for
current—time spikes observed for nano-Cgo particles
undergoing a three-electron reduction upon collision
(—0.360 + 0.015 pCQ). This similarity in charge suggests
that a three-electron reduction is observed for impact-
ing NPs held at the potentials where the NP ensemble
shows a two- and three-electron reduction of nano-Cg,
should be occurring. This change in redox behavior is
due to the study of isolated NPs via particle coulometry
as opposed to an NP ensemble.

Figure 6b shows that if the charge transfer for a one-
electron reduction of a single impacting nano-Cg
particle is fixed at —0.10 pC, the value observed for
the cathodic particle coulometry experiment per-
formed at E = —1.27 V vs Fc/Fc, we can make the
assumption that a three-electron transfer occurs for
cathodic particle coulometry experiments at both
—1.74and —2.22 Vvs Fc/Fct, as the mean charge mea-
sured at these potentials (—0.36 pC) is approximately
three times the value of that for a one-electron reduction

METHODS

Nano-Cgo particles were synthesized using the reprecipita-
tion method.”” The method used here is based on the work by
Zhang et al.;*® however the nanoparticles were reprecipitated in
acetonitrile rather than water as in the nano-Cgo synthesis
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at the single NP scale. This is further supported by
re-interpretation of the charge transfer data measured
atE= —1.74Vvs Fc/Fct in terms of radius via eq 1 with
the assumption z = 3, giving a mean radius of 44 +
17 nm (SI, Figure S4b), in good agreement with mean
radius values determined for the other two potentials
studied r=45+ 12nmatE=—127Vvs Fc/Fc";r =
44417 nmat E= —2.22 Vvs Fc/Fc ™). Hence for single-NP
studies, the third electron reduction of nano-Cgo 0ccurs
at an earlier potential than that observed for the NP
ensemble, demonstrating that the electrochemical
response of nano-Cg, can differ when a NP ensemble
is examined as opposed to an isolated NP.

CONCLUSIONS

In summary, we have reported the electrochemical
detection and sizing of individual nano-Cg, nanoparti-
cles, demonstrating for the first time that NP-electrode
impact studies can be performed in non-aqueous sys-
tems and cathodic particle coulometry can be applied
to size carbonaceous nanoparticles. It is shown that a
potential shift of the third electron transfer process
occurs at the single-NP scale when compared to the
peak potential at which this process is observed in the
voltammetry of a nano-Cgo ensemble. Thus, the elec-
trochemical response is altered when changing from
an ensemble of nano-Cgy NPs present on an electrode
surface to an isolated NP scenario. Another factor that
was found to strongly influence Cg electron transfer is
the morphology of Cgo on the electrode surface with
significant changes in the voltammetric response ob-
served between micro- and nano-Cgy ensembles.

reported by Alargova et al.> First, 17.2 mg of Cgo (99.5% pure,
SES Research, TX, USA) was dissolved in 20 mL of N-methyl-2-
pyrrolidone (NMP, Sigma-Aldrich) by stirring in the dark for 24 h.
The Cgo-containing NMP solution was then added drop-
wise to 200 mL of stirring MeCN (Sigma-Aldrich) at a speed of
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0.9 mL min~" before continuing to stir for 30 min in the dark.
The NP solution was passed through a 0.2 um filter (Whatman
International Ltd., Kent, UK), resulting in a transparent orange
solution of 0.1 mM nano-Cg NPs (radius ~16 nm according to
DLS) in 10% NMP/90% MeCN. This concentration does not take
into account the loss of material during filtration. DLS measure-
ments were performed using a Malvern Zetasizer Nano ZS, and
a LEO Gemini 1530 (Zeiss, Oberkochen, Germany) was em-
ployed for SEM imaging. An SEM holder that had been modified
with a transmission electron microscopy grid was used for SEM
experiments in order to minimize nano-Ceo aggregation during
sample preparation.

All electrochemical studies were carried out using a Autolab
Il (Metrohm-Autolab BV, Utrecht, Netherlands) at 25 + 0.2 °Cin
an oxygen-free 0.1 M NBu4PFs/MeCN solution using a three-
electrode setup with a carbon rod counter electrode, a silver
wire pseudo-reference electrode, and either a macro (r=0.8 mm)
or micro (r = 5 um) gold working electrode (CH Instruments,
Texas, USA). Working electrodes were polished with alumina
powder (1,0.3,and 0.05 #m) prior to each experiment. Ferrocene
(2 mM) was added to the electrolyte solution to act as an internal
redox marker for voltammetric measurements. To prepare
a solution of 0.15 mM Cgq in CH,Cl,, the solution was stirred
in the dark for 24 h. Modification of the gold macroelectrode
was performed by drop-casting 4 x 5 uL layers of Cg solution/
nano-Ceg suspension before drying at 35 + 0.2 °C. Due to the low
surface tension of the solvents used, solution run-off onto the
insulator surrounding the electrode surface could not be pre-
vented, and therefore quantification of the amount of nano-Cgo
immobilized on the electrode was not possible. Cathodic particle
coulometry experiments were performed within a double fara-
day cage to reduce noise. All glassware was cleaned with aqua
regia (75% HCI/25% HNO3) and oven-dried to remove any traces
of water. The nitrogen flow used to degas solutions was purged
with acetonitrile that had been dried with molecular sieves to
ensure no water was introduced to the system.

ImageJ (Version 1.38) was used to analyze the NP size
determined via SEM, while SignalCounter developed by
Dr. Dario Omanovic at the Ruder Boskovic Institute in Zagreb,
Croatia, was employed for the analysis of spikes observed in
cathodic particle coulometry experiments.
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