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Abstract Voltammetric studies on C60 fullerene particles
adhered to an electrode surface by solvent casting or
mechanical transfer exhibit evidence of nucleation and
growth controlled processes for the C60

0/– and C60
–/2–

solid state when the modified electrode is in contact with
acetonitrile solutions containing NBu4

+ electrolyte.
Although peak potentials and peak separations are de-
pendent on scan rate as well as the amount of deposit
and temperature, potentials obtained using a zero-cur-
rent extrapolation method are almost independent of all
these parameters. These data enable reversible poten-
tials of –816 and –1168 mV vs. Ag/Ag+ to be obtained
in acetonitrile (0.1 M NBu4PF6) respectively for the
processes: C60 solidð Þ þNBuþ4 solutionð Þ þ e� Ð NBu4
C60ðsolidÞ and NBu4C60ðsolidÞ þNBuþ4 solutionð Þþe�
Ð NBu4ð Þ2C60ðsolidÞ: Images obtained by scanning
electron microscopy reveal that both the crystalline and
particle size is enhanced by 60 s of reductive electrolysis,
with the detected (NBu4)2C60 crystals being slightly
larger than those of (NBu4)C60. After a short period of
potential cycling or controlled potential electrolysis, it is
concluded that the data obtained by either method of
surface adherence are almost indistinguishable, as are
their morphologies.

Keywords C60 Æ Fullerene Æ Solvent casting Æ
Mechanical transfer Æ Voltammetry

Introduction

The properties of C60 fullerene have been widely in-
vestigated. For example, doped fullerene, which exhibits

superconductivity [1, 2, 3] or ferromagnetism [4, 5], has
found importance in application as a superconductor,
photoelectrochemical sensor [6] and conducting poly-
mer [7, 8]. Electrochemical studies of fullerene, which
are of interest in this study, are also widespread. Early
studies of dissolved fullerene in non-polar solvents [9],
polar solvents [10] or mixed solvents [11, 12] indicated
the presence of up to six reversible one-electron reduc-
tion steps. Solid fullerene, attached to an electrode
surface mechanically or via solvent casting [13, 14, 15,
16, 17, 18, 19, 20], sublimation [21], electro-deposition
[22, 23] or vapor deposition [24] methods, exhibits sig-
nificantly different electrochemical behavior from that
observed when C60 is dissolved in solution. In the case
of cyclic voltammetry of solid fullerene adhered to an
electrode in contact with acetonitrile containing a
NBu4

+ salt as the electrolyte, one of the most inter-
esting aspects is the large peak separation and very
narrow peak width of some of the processes [13, 14, 15,
16, 17]. Simultaneous cyclic voltammetry and electro-
chemical quartz crystal microbalance [25, 26] studies as
well as microscopy [16] studies provided evidence that
mass changes, dissolution of fullerene salts, and resis-
tivity changes accompany reduction-reoxidation pro-
cesses, and also revealed that structural rearrangements
or reconstruction of solids is consequent upon the up-
take or intercalation of NBu4

+ into the fullerene lattice
layer upon reduction.

In initial solid state studies, fullerene prepared by
solvent casting or sublimation was attached to the
electrode to give both thin and thick fullerene ‘‘films’’.
From images obtained by atomic force microscopy and
scanning electron microscopy (SEM) [13, 21], the surface
structure of this ‘‘film’’ was shown to be irregular,
consisting of crystallites of random size and orientation,
which implies that the term ‘‘film’’ may be inappropriate
under some circumstances and that the exact nature
of the adhered solid may be critical to achieving an
understanding of the voltammetry. Consequently, in
this work, a detailed study of the electrochemistry
using C60 layers made by both mechanical transfer of
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microcrystals or solvent casting deposition techniques
has been undertaken to further assess the effect of the
various experimental parameters on the C60

0/– and C60
–/2–

processes. The study extends some aspects of the
knowledge generated in related studies described by
Suàrez et al. [13], where evidence of a nucleation-growth
process was detected for the C60

0/– process.

Experimental

Reagents

C60 (Fluka, 98%), quaternary ammonium salts, NR4
+, such as

NBu4PF6 (Merck), NBu4BF4 (Merck), NBu4Cl (Fluka) and
NBu4ClO4 (Sigma), were used as received. Analytical reagent grade
solvents used were acetonitrile (Carlo Erba) and dichloromethane
(BDH). Molecular sieves were added to the solvents to reduce the
water content.

Preparation of electrodes

For the solvent casting experiments, C60 was deposited on a
1.6 mm diameter gold electrode (Bioanalytical System, USA). Ini-
tially, the electrode surface was polished, rinsed with relevant sol-
vent, dried and finally coated with 20 lL (unless otherwise stated)
of a 0.15 mM C60 dichloromethane (CH2Cl2) solution. Evapora-
tion of the dichloromethane solvent produced a C60 chemically
modified electrode. For the mechanical/abrasive attachment
method, a small amount (1–3 mg) of C60 in microcrystalline form
was spread onto a coarse grade filter paper and solid was trans-
ferred by gently rubbing the electrode surface onto the C60 coated
filter paper.

Electrochemical measurements

A CV-50W electrochemical analyzer (Bioanalytical Sysytems, West
Lafayette, Ind., USA) was used for the voltammetric experiments.
A single-compartment, glass three-electrode electrochemical cell
was used with a platinum wire as the counter electrode, and a Ag/
Ag+ (1 mM AgNO3, 0.1 M NBu4PF6 in acetonitrile) reference
electrode was placed near to the working electrode. The solutions
were routinely deaerated with oxygen-free nitrogen gas for at least
10 min before each voltammetric measurement.

It is noted that a variability of ±10–20 mV in peak potentials
obtained over the duration of this work was encountered. Data
presented in the tables are normalized to one data set to minimize
this problem.

Scanning electron microscopy

A piece of basal plane pyrolitic graphite (BPPG) (Alpha, USA)
electrode with a 5 mm diameter and 2–3 mm thickness was cut
from a rod. It was then polished with 320CW silicon carbide
abrasive paper, followed by a further polishing with a-alumina
(>99.5% Al2O3) powder. Similar methods of cleansing and de-
position of microcrystals of C60 mentioned above for the gold
surface were applied to the BPPG electrode experiments. To study
the surface morphology of C60 on a BPPG electrode after elec-
trolysis, the electrode, with an array of C60 microcrystals attached
on the surface, was joined to a platinum wire that acted as a con-
ductor. The reduction potential was then held at –1.800 V for
1 min in an appropriate electrolyte, using the bulk electrolysis
mode of the electrochemical workstation (model BAS 100W). A
scanning electron microscope, model JEOL JSM-6400 (Philips),
was used to study the surface morphology of C60 before and after
electrolysis.

Results

Effect of potential cycling

C60 coated onto an electrode surface by the solvent casting
method provides significantly more stable voltammetry,
particularly in the early stages of a potential cycling ex-
periment, than when microcrystalline C60 is mechanically
attached onto the electrode surface. Figure 1 shows the
initial potential cycles for the C60

0/–/2– and C60
–/2– pro-

cesses of cyclic voltammetry when C60 is coated by this
method onto a 1 mm diameter gold electrode surface
which is then placed in contact with acetonitrile (0.1 M
NBu4PF6). Clearly the first cycle is distinctly different
from all subsequent cycles. Whilst upon repetitive cycling
the peak heights for the first and second reduction-reox-
idation couples, designated processes Ired, IIred, IIox and
Iox, decrease slightly, detailed analysis of data contained
in Fig. 1 reveals that process Ired increases slightly for
three cycles and decreases thereafter (peak height is 42 lA
in the 10th cycle and 31 lA after the 40th cycle). The
initial instability is attributable to a rearrangement in
structure which improves the uniformity and accessibility
of the C60 compound [15], while the minor decrease in
extensive cycling of the potential is attributed to a small
amount of dissolution of reduced C60. After about three
cycles of the potential, data detected by mechanical
transfer of solid were very similar to those obtained with
the solvent casting method. Minor processes detected
between reactions I and II have been attributed to a slight
solubility of some of the reduced microcrystals [15].

Effect of varying the amount of C60 adhered
to the electrode surface

Based on analysis of the third cycle of the potential under
conditions of Fig. 1, the peak current for process Iox was

Fig. 1 First 40 cycles of a voltammogram obtained with a scan rate
of 100 mV/s when 20 lL of 150 lM C60 (in CH2Cl2) was solvent
cast onto a 1 mm gold electrode and the C60

0/–/2– processes was
studied in MeCN (0.1 M NBu4PF6) over the potential range of
–200 mV to –1600 mV (vs. Ag/Ag+)
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found to increase linearly as the amount of C60 solvent
cast onto the electrode was varied from 10 to 60 lL of
0.150 mM C60 (Fig. 2). At higher amounts, non-linearity
was observed. A smaller linear range was found for pro-
cess Ired (Fig. 2). It is assumed that only partial electrolysis
occurs on the time scale of the voltammetry, with very
high surface coverage. The peak separation, DEp, for
process I also increased with increasing addition of C60

(Table 1), probably because of an enhanced IRu (I=cur-
rent,Ru=uncompensated resistance) drop. However, the
potentialmeasured as the average ofEox

p andEred
p is almost

independent of the amount of C60, as expected if it rep-
resents a formal E�f

� �
reversible potential (Table 1) for the

processes described in Eqs. 1 and 2:

C60 solidð Þ þNBuþ4 solutionð Þ þ e� Ð NBu4C60ðsolidÞ
ð1Þ

NBu4C60 solidð Þ þNBuþ4 þ solutionð Þ
Ð NBu4ð Þ2C60 solidð Þ

ð2Þ

Scan reversal study

Previous studies [13, 14] have shown that intercalation
of the R4N

+ cation into the C60 lattice layer is not as-
sociated with a diffusion-controlled rate-determining
step or ‘‘thin film’’ voltammetry. In particular, a nucle-
ation-growth process [13] was detected for the C60

0/–

process. One method that is diagnostic of a nucleation
and growth process is the detection of current maxima
when the potential is reversed [27, 28], before inter-
crystal collisions occur.

Cyclic voltammograms for C60 show a current max-
imum when the potential is switched prior to the peak
potential for both the first and second redox processes
(Fig. 3a, b). Evidence for a nucleation-growth process
was much easier to obtain for the oxidation steps than
for the reduction steps. The evidence provided in Suàrez
et al. [13] for a nucleation and growth process for the
C60

0/– process has now been extended to the C60
–/2–

process. Evidence for the nucleation and growth process
was obtained from both solvent cast and mechanical
transfer C60 experiments. It may be assumed that the
critical overpotential for conversion of C60(solid) to
(NBu4)C60(solid) has the same magnitude as for the re-
verse process, in order that the average value of the two
peak potentials Ered

p and Eox
p is equal to E�f

� �
for process

1 (Eq. 1), with an analogous argument applying for
process 2 (Eq. 2).

Scan rate study

Figure 4 shows the effect of varying the scan rate for
the C60

0/– process using both C60 adherence methods.
Generally, the current increases and the peak separation
increases with scan rate for both coating methods.
The nature of the scan rate dependence is consistent
with a nucleation-growth mechanism (and/or uncom-
pensated resistance). However, both coating techniques
gave the zero-current extrapolated Ered

p potential at

–1035±19 mV and Eox
p at –588±7 mV for a wide range

of samples (see Fig. 4c, for example). The result implies
that the zero-current extrapolated potential is indepen-
dent of the sample amount. The E�f

� �
value calculated

Fig. 2 Dependence of the peak currents for processes Ired and Iox

on the amount of C60 solvent cast onto a 1 mm gold electrode
surface which is in contact with MeCN (0.1 M NBu4PF6). Data
obtained for the third cycle of potential using parameters shown in
Fig. 1

Table 1 Potential data obtained for process I when C60/CH2Cl2 is coated onto a 1 mm diameter gold electrode via the solvent casting
method using specified volumes of a 0.15 mM C60 solution, and with the electrode being in contact with MeCN (0.1 M NBu4PF6). Data
obtained from the third potential cycle using the conditions reported in Fig. 1

C60 volume
(lL)

Red. peak potential,
Ered
p (mV)

Ox. peak potential,
Eox
p (mV)

Peak separation,
DEp

Reversible potential,
E�f (mV)a

10 –1070 –551 519 –811
20 –1081 –550 531 –816
30 –1085 –542 543 –814
40 –1089 –538 551 –814
50 –1097 –526 571 –812
60 –1105 –526 579 –816
70 –1116 –513 603 –815
80 –1128 –513 615 –821

aCalculated as Ered
p þ Eox

p

� �.
2
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from the zero-current extrapolation method is
812±13 mV.

A previous study [15] indicated that the peak current
for the first reduction process varied linearly with scan
rate only at scan rates below 200 mV/s. However, ex-
perimental data obtained in this study show that the
linear region is a function of the amount of adhered C60.
Thus, a linear dependence on scan rate is observed for a
scan rate <200 mV/s for 20 lL of C60/CH2Cl2, and
<100 mV/s and <50 mV/s for 40 lL and 60 lL C60

dosages, respectively.

Effect of temperature

Table 2 summarizes the E�f
� �

and DEp dependence on
temperature for the first couple when C60 was cast onto
a 1 mm diameter gold electrode. The decrease in peak
separation with increasing temperature implies the

Fig. 3 a Detection of a current maximum for the first oxidation
process when the direction of potential on the reverse scan is
switched at the foot of process Iox. The experiments were
undertaken at a scan rate of 20 mV/s in MeCN (0.1 M NBu4PF6)
using a 1 mm diameter gold electrode solvent cast with 10 lL
of 0.15 mM C60/CH2Cl2. The potential was initially swept from
–200 mV to –1200 mV (vs. Ag/Ag+). b Detection of a current
maximum peak when the direction of the potential on the reverse
scan is switched at the foot of process IIox. Other parameters are as
in a

Fig. 4 a Cyclic voltammogram for 60 lL C60/CH2Cl2 cast onto a
1 mm diameter gold electrode which is in contact with MeCN
(0.1 M NBu4PF6) using scan rates of 10, 15, 20, 30, 40, 50, 60, 80,
100, 125, 150, 175, 200, 250, 300, 350 and 400 mV/s, with the third
cycle being shown. b Cyclic voltammogram for microcystalline C60

attached mechanically to a 1 mm diameter gold electrode which is
in contact with MeCN (0.1 M NBu4PF6) using scan rates of 10, 15,
20, 30, 40, 50, 60, 80, 100, 150, 175, 200, 250, 300, 350 and 400 mV/
s, with the second cycle being shown. c Plot of peak current versus
peak potential for the C60

0/– process observed by varying the scan
rate when different amounts of C60 are solvent cast onto a 1 mm
gold electrode surface via the solvent casting method. The electrode
was immersed in MeCN (0.1 M NBu4PF6)
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kinetics of the nucleation-growth rate-determining step
increases with temperature, as expected.

Effect of varying the anion
in the supporting electrolytes

The identity of the anion in a NBu4
+ supporting elec-

trolyte has very little influence on the potentials for the
first two processes for the electroreduction of C60, as
shown by examination of the data in Table 3. This is
consistent with results provided by Dubois et al. [29] and
also, as predicted in Eqs. 1 and 2, represents a correct
description of the processes.

Scanning electron microscopy

The main difference in electrode surface modification
with C60 by solvent casting onto a 5 mm basal plane
graphite electrode rather than direct mechanical at-
tachment of microcrystals is that the solvent casting
method produces a finer crop of more widely sepa-
rated C60 microcrystalline particles. The SEM images
in Fig. 5a reveal that particles of <2 lm are domi-
nant when the solvent casting method is used, and
also that a smooth film is not achieved with this
method. One-electron reduced fulleride formed by
controlled potential electrolysis for 60 s after the first
reduction step in acetonitrile (0.1 M NBu4PF6) using
solvent casting deposition generates significantly larger
crystals than initially present. The size is further en-
hanced by an additional 60 s reduction (Fig. 5b). The
second reduction step produces a set of even more

sparsely distributed but larger microcrystals having an
average size of about 5 lm (Fig. 5b). The rate at
which enhancement of size occurs is greater using the
solvent casting method, which implies that more ef-
fective electrolysis occurs than when commencing with
mechanically attached microcrystals. It is also noted in
Fig. 5b that the crystals have layers of solid particles
growing on top of the base so that significant recon-
struction of solid particles occurs on the electrode
surface during the course of electrolysis, as also ap-

Table 2 E�f
� �

and DEp values obtained for process I when 20 lL
C60/CH2Cl2 is coated onto a 1 mm gold electrode surface at spec-
ified temperatures. Other conditions are as in Fig. 1

Temperature (�C) Peak separation,
DEp (mV)

Reversible potential,
E�f
� �

(mV)a

5 599 –822
15 579 –822
25 531 –816
35 497 –817
45 479 –816

aCalculated as Ered
p þ Eox

p

� �.
2

Table 3 Potential data obtained from the third voltammetric cycle of the potential (scan rate, 100 mV/s) when 20 lL C60/CH2Cl2 was
cast onto a 1 mm gold electrode which was then placed in contact with MeCN containing a 0.1 M concentration of a NBu4

+ salt

Supporting
electrolyte

Process I Process II

Ered
p (mV) Eox

p (mV) DEp (mV) E�f
� �

(mV)a Ered
p (mV) Eox

p (mV) DEp (mV) E�f
� �

(mV)a

NBu4PF6 –1081 –550 531 –816 –1300 –1050 250 –1168
NBu4BF4 –1102 –575 527 –839 –1334 –1056 278 –1195
NBu4ClO4 –1085 –554 531 –820 –1340 –1042 298 –1191
NBu4Cl –1095 –550 545 –823 –1340 –1030 310 –1185

aCalculated as Ered
p þ Eox

p

� �.
2

Fig. 5 a SEM image of C60 solvent cast onto a basal plane
pyrolytic graphite electrode before electrolysis. b SEM image of C60

solvent cast onto a basal plane pyrolytic graphite electrode after
holding the potential for 60 s at –1600 mV vs. Ag/Ag+ in 0.1 M
NBu4PF6/MeCN
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pears to be the case with potential cycling experi-
ments. The three-dimensional crystal growth and re-
distribution of solids have been detected in a previous
study [13].

Discussion

Voltammetric studies on solvent cast and microcrstal-
line C60 fullerene mechanically adhered to an electrode
surface immersed in acetonitrile containing 0.1 M
NBu4PF6 electrolyte reveal that stable C60

0/– and C60
–/2–

solid state transformation processes are achieved after
three cycles of the potential. Detection of the presence of
nucleation and growth processes has been obtained for
both the C60

0/– and C60
–/2– couples. The linear depen-

dence of peak current on dosage observed with the
solvent casting deposition technique at low coverage
implies that efficient electrolysis of the material is
achieved. A zero-current extrapolation method produces
peak potentials with values of –1032 mV and –588 mV
vs. Ag/Ag+ for the first reduction-reoxidation couple
which are almost independent of the method of surface
treatment or extent of surface coverage. Use of the SEM
technique enabled the solid morphology to be observed
before and after electrolysis and revealed that the solvent
cast method produces smaller sized microcystals than
those produced when direct mechanical attachment is
employed. The electrolyzed products, irrespective of the
initial origin of the microcystal, generate larger and
more clearly defined crystalline features than those of
initially adhered C60, with crystals of (NBu4)2C60 being
slightly larger in size than (NBu4)C60.

In summary, evidence for a nucleation and growth
process for the C60

0/– process provided by Suàrez et al.
[13] is now extended to the C60

–/2– process for both the
solvent cast and mechanically attached C60 crystals in
the presence of acetonitrile/NBu4

+ electrolyte. The basic
concepts of the mechanism are illustrated in Scheme 1.
The zero-current extrapolation method allows the de-
termination of peak potentials which are almost inde-
pendent of surface treatment, surface coverage and scan
rate. The average of these values when a nucleation-
growth process is rate determining can be assumed to
represent a good approximation of the reversible po-
tential for the processes given in Eqs. 1 and 2. Use of
SEM enables subtle differences in the morphology of
neutral C60 and electrolyzed C60 to be observed.
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Scheme 1 Schematic diagram of the nucleation processes believed
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talline solid C60 and (NBu4)C60 and reoxidation of (NBu4)2C60 and
NBu4C60 when the microcrystalline solid C60 is attached to an
electrode and placed in contact with 0.1 M NBu4PF6/MeCN
solution
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