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This  work  describes  the  study  of  the  electrochemical  properties  of  fullerene  polymer  composites,
C60-Pd,  and different  carbon  nanostructures,  such  as single  walled  carbon  nanotubes,  multi  walled  carbon
nanotubes  and  carbon  nanoonions,  as  potential  electrode  materials  for  supercapacitors.  The  carbon  nano-
structures  were  deposited  onto  a bare  gold  disc  electrode  by  a vapor  deposition  process.  In the next  step,
the fullerene  was  electrochemically  polymerized  under  cyclic  voltammetric  conditions.  The  obtained
composites  are  electrochemically  active  at negative  potentials  due  to the  reduction  of  the  fullerene  moi-
eties. The  voltammetric  response  corresponding  to this  electrochemical  process  depends  on  the  type
omposites
ullerene polymers
arbon nanotubes
arbon nanoonions

of nanostructure  and  the  amount  of material  deposited  at the electrode  surface.  Such  systems  exhibit
promising  electrochemical  properties.  The  highest  capacitance  of about  1000  F  g−1,  with  respect  to  mass
of  polymer,  was  obtained  for the  SWCNTs/C60-Pd composite.  This  value  is  about  four  times  higher  com-
pared  to the  capacitance  of  the  polymer  deposited  on  a  bare  gold  electrode  surface.  Lower  values  of the
specific  capacitance  were  obtained  for composites  containing  other  MWCNTs  and  ox-CNOs.  For  the  C60-
Pd/ox-CNOs  composites  the  highest  values  of  the  specific  capacitance  were  found  to  be  about  280  F  g−1.
. Introduction

Carbon materials, such as activated carbon [1],  aerogels [2],
henolic resins [3],  templated carbons [4],  carbon fibers [5],  and
arbide derived carbons [6] have attracted a lot of attention for use
s charge storage materials in high-power devices. These mate-
ials exhibit large specific surface areas, high pore accessibility,
ood thermal, mechanical and chemical stability, and low cost of
roduction [7–9]. In power devices containing high surface area
arbon electrodes, the charge accumulation mechanism is due to
he formation of the double layer at the interface between the car-
on material and the electrolyte. In the case of activated carbon, a
pecific capacitance of about 175 F g−1 can be reached [10].

Carbon materials can be also combined with redox-active
aterials such as transition metal oxides [11–14] or conduct-

ng polymers [12,15–17] to form very effective charge storage
omposites. In such systems, both power and energy density are

ignificantly enhanced due to the faradaic process of redox-active
aterials. For example, specific capacitances as high as 771 F g−1

∗ Corresponding author. Tel.: +48 85 745 7827.
E-mail address: emilia@uwb.edu.pl (E. Grądzka).

013-4686/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
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and 1250 F g−1 were reported for polyaniline/activated carbon [18]
and MnO2/CNT [19], respectively.

Since carbon nanotubes were discovered [20], a lot of work was
dedicated to the development of materials containing the nano-
tubes and conducting polymers [21]. These systems also possess
novel properties with superior characteristics than either of the
individual components [22–27].  Carbon nanotube films with a high
surface area allow electrochemical deposition or chemical poly-
merization of significant amounts of conducting polymers. Such
structures have many practical applications in batteries [28–31],
supercapacitors [16,32–36],  biosensors [37,38],  and field emission
devices [39–41].  So far, most of attention has been focused on
electrochemical capacitors based on carbon nanotubes [42–46]
or composites of carbon nanotubes with conducting polymers
[16,27,31–36,47–61]. It was shown that both MWCNTs and SWC-
NTs can effectively accumulate electrical charge and can be used for
capacitor construction [35,54]. The specific capacitances of these
materials range from 4 to 147 F g−1 [44,46,62–66].

In the last few years, there has been great interest in carbon
nanoonions (CNOs), which constitutes an entirely new class of car-

bon. Carbon nanoonions, also known as spherical graphite, are built
of concentric fullerene cages separated by the same distance as
the shells of graphite [67]. So far little attention has been focused
on the electrochemical properties of such carbon materials. It was

dx.doi.org/10.1016/j.electacta.2013.02.035
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
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ound that thin films formed from unmodified carbon nanoonions
re mechanically unstable. Modification of their surface with car-
oxylic groups allows the preparation of mechanically stable films
n electrode surfaces. Similar to carbon nanotubes films, such
ystems exhibit typical double-layer capacitance behavior under
oltammetric conditions. The specific capacitance obtained for
hese film in water solutions was in the range 2.29–4.74 F g−1 [68].

So far, most studies have been limited to composites of car-
on nanotubes and p-type polymers [16,27,31–36,47–49,51–61].
n this paper, the electrochemical properties of composites of C60-
d and MWCNTs, SWCNTs and CNOs are compared. Studies were
ainly focused on the capacitance of these materials and their

lectrochemical stabilities. Recently, we were investigated novel
lectroactive composites based on multi walled carbon nanotubes
nd n-type fullerene C60-Pd polymers [69]. Since C60-Pd polymers
an be reduced at negative potentials, these systems exhibit n-
oped properties [70–73].  C60-Pd polymers can be formed both
y electrochemical [74,75] and chemical [76] procedures. Elec-
roreduction carried out under potentiostatic, amperostatic or
otentiodynamic conditions in solution containing fullerenes and
alladium(II) complexes results in the formation of polymeric
hases at the electrode surface. In this system, the C60 is covalently
onded to the palladium in an �2 fashion [75,77].  Similar materials
an be formed chemically by reacting C60 with palladium(0) com-
lexes. Films prepared from C60 and palladium complexes exhibit
lectrochemical activity in the negative potential range due to
he reduction of fullerene moieties [75]. Because of its excellent
eversibility and its chemical and electrochemical stability, C60-Pd
olymers can be used as storage materials in capacitors [75,78,79].
epending on the conditions of film formation, two  kinds of capac-

tors can be formed: redox capacitors in the case when the polymer
s formed from solutions with a low ratio of palladium complex to
60 and double-layer capacitors when the polymer is formed from
olutions with a high ratio of palladium complex to C60. A specific
apacitance of 375 F g−1 was reported for a C60-Pd redox capacitor
n acetonitrile solution containing CsAsF6 as supporting electrolyte
78]. Chemically synthesized polymers exhibit much lower capac-
tance in comparison to electrochemically formed materials [80].
omposites containing C60-Pd polymer are also electrochemically
nd chemically stable and exhibit very promising capacitance per-
ormance [69,81,82].

. Experimental

Single walled carbon nanotubes, (0.7–2.5) nm in diameter
nd (0.5–5) �m in length, (95% purity), were purchased from
ucky USA. Multi walled carbon nanotubes, (6–13) nm in diam-
ter and (2.5–20) �m in length, were purchased from Aldrich
hemical Co. Carbon nanoonions were produced using a proce-
ure reported in the literature [67]. Palladium (II) acetate, Pd(ac)2,
rom Aldrich Chemical Co. and C60 from M.E.R. Corp. (Tucson, AZ,
SA) were used as received. The supporting electrolyte, tetra(n-
utyl)ammonium perchlorate, (TBA)ClO4, was  used as received
rom Aldrich Chemical Co. Acetonitrile (99.9%), toluene (anhydrous,
9.8%) and dichloromethane (99.5%) received from Aldrich Chem-

cal Co. were used without additional purification.
Cyclic voltammetry (CV) and electrochemical impedance spec-

roscopy (EIS) experiments were performed on an AUTOLAB
Utrecht, The Netherlands) computerized electrochemistry system
quipped with the PGSTAT 12 potentiostat and FRA response ana-
yzer expansion cards with a three-electrode cell. The frequency

ange for the EIS studies was in the range 10 kHz–100 mHz. The
UTOLAB system was controlled with the GPES 4.9 software of

he same manufacturer. A 1.5 mm  diameter gold disk from Bio-
nalytical Systems, Inc. (West Lafayette, IN, USA) was  used as the
 Acta 96 (2013) 274– 284 275

working electrode. Prior to the experiments, the electrode was pol-
ished with a fine Carborundum paper, and then with a 0.5-�m
alumina slurry. Subsequently, the electrode was sonicated in water
to remove traces of alumina from the gold surface, rinsed with
water, and dried. For imaging by scanning electron microscopy,
SEM, the studied films were electrochemically deposited on an Au
foil of Goodfellow Metals, Ltd. (Cambridge, UK). Before use, this foil
was annealed in a Bunsen flame. A silver wire immersed in an ace-
tonitrile solution of 0.01 M AgNO3 and 0.09 M (TBA)ClO4 that was
separated from the substrate electrode by a ceramic frit from Bioan-
alytical Systems Inc. served as the reference electrode. The counter
electrode was  a platinum tab with an area of ca. 0.5 cm2.

Simultaneous CV and piezoelectric microgravimetry (PM)
experiments were performed using the EP-21 potentiostat of Elpan
(Lubawa, Poland), connected to the EQCM 5710 electrochemi-
cal quartz microbalance of the Institute of Physical Chemistry
Polish Academy of Science (Warsaw, Poland), which was controlled
with the EQCM 5710-S2 software. This microbalance allowed for
simultaneous measurements of changes of current and resonant
frequency at quartz crystal resonator (Institute of Tele- and Radio-
communication, Warsaw, Poland) during potential cycling. The
area of this electrode including the two  contacting radial strips was
0.24 cm2.

The studied films were imaged by secondary electron scanning
electron microscopy (SEM) with the use of the Inspect S50 scanning
electron microscope from FEI Company. The accelerating voltage of
the electron beam was either 20 or 25 keV and the average work-
ing distance was  10 mm.  Transmission electron microscopy images
were obtained by Tecnai G2 20 X-TWIN microscope of FEI Com-
pany (Hillsboro, OR, USA) with LaB6 emitter and HAADF detector
for 120/200 kV.

Films of carbon nanostructures were deposited on the electrode
surface by drop coating. A suitable amount of carbon nanomate-
rial sonically dispersed in dichloromethane was  dispensed onto
the electrode surface. After solvent evaporation, the electrode
remained coated with a relatively porous film of the carbon nano-
structures. The dry mass of the deposited carbon nanomaterials
was used in the calculation of specific capacitances of the studied
films.

The C60-Pd film was  prepared by electroreduction of an acetoni-
trile:toluene (1:4, v:v) solution containing the fullerene and Pd(ac)2
and 0.1 M (TBA)ClO4 as supporting electrolyte. The potential sweep
rate was 100 mV s−1. The mass of the deposited C60-Pd polymer film
was determined using PM at EQCM.

3. Results and discussion

3.1. Formation and morphology of carbon nanostructures
(SWCNTs, MWCNTs, ox-CNOs) and C60-Pd composites

Fig. 1 shows the CV behavior of a gold electrode coated with
different carbon nanostructures, such as SWCNTs, MWCNTs, and
ox-CNOs (Fig. 1a, b and c respectively). The voltammograms of
all analyzed films exhibit the typical behavior for electrochemical
double-layer capacitors. For the same amount of carbon nanotubes,
SWCNTs and MWCNTs, different current densities were recorded.
The capacitance current depends on the nature of the carbon nano-
materials as well as on the amounts of these materials deposited on
the electrode surface. The specific capacitances, Cs, were calculated
using the following equation:

Cs =
∫

icdt
(1)
�Em

where ic is the capacitance current, �E is the potential range of
the integration, and m is the mass of the material deposited on the
electrode surface. The current obtained for SWCNTs is about twice
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tion under CV conditions. Fig. 3 shows multicyclic CV curves
of C60-Pd deposition in acetonitrile/toluene (1:4, v:v) solution
containing Pd(ac)2, C60 fullerene, and (TBA)ClO4 at a bare gold
electrode and the gold electrode that was coated with the carbon
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ig. 1. Cyclic voltammograms for (a) 3.90 �g SWCNTs, (b) 3.93 �g MWCNTs and (c)
.36 �g ox-CNOs films deposited on the 1.5 mm diameter Au disc electrode in a fresh
cetonitrile solution of 0.10 M (TBA)ClO4. The potential sweep rate was 100 mV s−1.

btained for MWCNTs. In literature, there is not agreement about
apacitance performance of SWCNTs and MWCNTs [34,42,83].  In
ost of the reports, better capacitance properties were observed for

WCNTs [84,85]. However, it was also reported that films formed
rom MWCNTs exhibit higher capacitance currents than those from
WCNTs [34]. Up to date, the data reported in the literature was
btained in water. In our studies, the capacitance measurements of
WCNT and SWCNT films were also obtained in other solvents.

or SWCNTs, the specific capacitance changes between 44 F g−1

n acetonitrile to 94 F g−1 in water. Much lower values of specific
apacitances, in the range between 21 and 40 F g−1, were obtained
or MWCNTs. The best capacitance properties were observed in
queous solutions. In the case of double layer capacitors, solvent
olecules contribute to the inner layer capacitance, Cs. According

o the simple mean field model for the orientation of the solvent
ipoles in the field of the electrode, this contribution can be divided

nto two components according to the equation [86–88]:

1
Cs

= 4�d

ε
− 1

Cdip
(2)

The Cdip component is associated with the orientation of the
olvent permanent dipoles. The distortional part, ε/(4�d), depends
n the solvent dielectric constant, ε, and the diameter, d. For aprotic
olvents, the effective dipolar interactions are of the same order
nd the values of Cdip do not change significantly [89]. Therefore,
he major effect of solvent on the specific capacitance of carbon
anotube films is related to the distortional component. Indeed,
pecific capacitances of SWCNTs and MWCNTs correlate very well
ith the ε/(4�d) parameter. Linear relationships between Cs and

/(4�d) are observed for aprotic solvents (Fig. 2). Departures from
he linear relationship for SWCNTs in water can be related to the
tronger dipolar interaction (Cdip component).
In comparison to SWCNTs and MWCNTs, the current obtained
or layers of ox-CNOs is relatively small. The specific capacitance
btained in acetonitrile containing tetra(n-butyl)ammonium per-
hlorate is 8.2 F g−1. The smaller value of the specific capacitances
Fig. 2. Dependence of the specific capacitance with ε/(4�d) for ( ) SWCNTs and (�)
MWCNTs in different solvents. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

obtained for ox-CNOs films may  be related to the more com-
pact layer formed from this material and to the surface defects
introduced upon CNO oxidation.

The C60-Pd polymer was deposited on the different porous
layers of carbon nanomaterials by electrochemical polymeriza-
Fig. 3. Cyclic voltammograms for 0.27 mM C60, 3.56 Pd(ac)2 and 0.10 M (TBA)ClO4,  in
acetonitrile:toluene (1:4, v:v) mixture recorded at (a) bare 1.5 mm  diameter Au disc
electrode and 1.5 mm diameter Au disc electrode coated with (b) 1.56 �g SWCNTs,
(c) 1.57 �g MWCNTs and (d) 1.34 �g ox-CNOs film. The potential sweep rate was
100  mV s−1.
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ith (a) 1.56 �g, (b) 3.90 �g and (c) 7.80 �g SWCNTs film. The potential sweep rate
as  100 mV s−1.

anostructure films. At negative potentials, the C60-Pd polymer
eposition is observed. Voltammetric responses recorded during
olymer deposition at a bare gold electrode (curve a) and electrode
overed with carbon nanostructures (curves b–d)  are similar. The
rocess of polymer deposition depends on the thickness of the
arbon nanomaterial film. Exemplary results obtained for films
f SWCNTs are presented in Fig. 4. An increase of the amount
f carbon material deposited at the electrode surface results in
n increase of the film resistance. Therefore, for thicker films a
ignificant decrease of the polymer deposition current is observed
Fig. 4b). Finally, for thick films (thickness higher than about 10 �m
orresponding to 440 �g/cm2) the C60-Pd deposition process is
ompletely suppressed.

The SEM images of the pristine carbon nanostructures and of the
arbon nanostructures coated with the C60-Pd polymer are shown
n Fig. 5. During deposition of the C60-Pd polymers on the carbon

atrix, the fullerene polymer was attached to the carbon nanoma-
erials. The SWCNT layers exhibit smooth and compact structures
nd the C60-Pd polymer formed bead shapes on the outer lay-
rs of these structures. In the case of MWCNTs/C60-Pd, most of
he MWCNTs is coated with homogeneous polymer layers and the
anocomposites formed a coral network. For the ox-CNOs layer,
lobular structures of the polymer were observed, and the carbon
anoonions are fully covered with a compact polymeric layer.

Because the surface of the SWCNTs/C60-Pd and ox-CNOs/C60-Pd
omposites was very homogeneous these systems were also exam-
ned with TEM, and some of the results are shown in Fig. 6. The TEM
mages clearly indicate that both nanostructures, SWCNTs and

x-CNOs, are coated with the C60-Pd polymer. Carbon nanoonions
orm a very compact layer on the electrode surface that exhibit low
orosity. In this case, the polymer is mainly deposited on top of the
arbon nanoonion surface. A different morphology is observed for
 Acta 96 (2013) 274– 284 277

SWCNTs/C60-Pd. The SWCNT films show high porosity compared
to the ox-CNOs layer. In this system, the polymer forms spherical
polymeric nanoparticles on the SWCNTs like a pearl-necklace
with a tendency to aggregate. The diameter of these polymeric
nanospeheres is relatively constant at about 85 nm.

3.2. Electrochemical properties of carbon nanostructure/C60-Pd
composites

The gold electrodes coated with the SWCNTs/C60-Pd,
MWCNTs/C60-Pd and ox-CNOs/C60-Pd film composites, were
transferred to a fresh acetonitrile solution of the supporting
electrolyte and the CV curves were recorded. The voltammograms
obtained for the composites containing fullerene polymers
deposited on the different carbon substrates are shown in Fig. 7.
In all cases, the mass of the carbon nanomaterial deposited at the
electrode surface and the mass of the electrodeposited C60-Pd
were the same. For comparison, the voltammogram for C60-Pd
electroreduction at a bare gold electrode is shown. The presence of
carbon nanostructures in the composites do not drastically change
the electrochemical behavior of the polymers. A charge of 3.5 and
6.8 mC/cm2 was  obtained for the C60-Pd reduction for composites
of MWCNTs and SWCNTs, respectively. These values are signif-
icantly higher in comparison to electreduction charge obtained
for the same mass of polymer deposited at the bare electrode
(2 mC/cm2). A slightly lower value of charge corresponding to
C60-Pd reduction equal to 2.3 mC/cm2 was obtained for composites
containing ox-CNOs. This effect may  be attributed to the different
structure and porosity of these composites relative to the others
(Fig. 5). The process of C60-Pd reduction is accompanied by cation
transport from the solution to the composite [72]. This ion doping
process limits the amount of polymer that is reduced. The higher
porosity of MWCNTs and SWCNTs films allows for a more effective
C60-Pd reduction and its doping with counter ions from solution.
For all studied composites, the electrochemical behavior of C60-Pd
was reversible. The peak potentials for reduction and re-oxidation
processes are almost the same. A small difference in these poten-
tials were observed for MWCNTs and SWCNTs, indicating a higher
resistivity of these materials.

3.3. Capacitance properties of carbon nanostructure/C60-Pd
composites

For potentials more positive than −0.5 V, all analyzed films
exhibit the typical behavior for double-layer capacitors. In this
potential range, the capacitance current is almost unaffected by
the presence of the C60-Pd polymer. At potentials more negative
than −0.5 V, the fullerene cages are electroreduced. At these poten-
tials, the films of the composites are quasi-rectangular in shape,
which is due to the electrochemical activity of the polymeric com-
ponent. A rapid response of the current with change of potential is
observed. Such behavior is fundamental to ensure optimum energy
storage during fast charge and discharge processes. Moreover, mul-
tiscan CV curves for these films are stable. The potential can be
cyclically changed between −0.7 V and −1.2 V without a notice-
able change in the shape of the voltammogram. Typical cyclic
voltammograms obtained for MWCNTs/C60-Pd composites for the
potential range corresponding to fullerene cage electroreduction at
different potential sweep rates are shown in Fig. 8a. For sweep rates
lower than ca. 200 mV  s−1, the voltammograms show almost pseu-
dorectangular cathodic and anodic profiles, which is characteristic
for ideal capacitors. However, for higher sweep rates the CV curves
deviate from an ideal rectangular shape. This effect is related to

the relatively high resistance of the film of the MWCNTs/C60-Pd
composite and, therefore, the resulting slower current response
with the potential sweep. Similar behavior was  observed for the
composites containing SWCNTs and ox-CNOs.
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Fig. 5. SEM images of pristine (a) SWCNTs, (c) MWCNTs and (e) ox-CNOs, a

The current at negative potentials includes capacitive faradaic
ontributions. The magnitude of both components is predicted to
epend linearly with the potential sweep rate. Therefore, a linear
ependence of the total current with the potential sweep rate is
xpected. Such a relation between the capacitance currents and
he sweep rates is shown in Fig. 8b. The specific capacitance of the

omposites may  be calculated using the following equation:

s = ipc

Vm
(3)
 composites of (b) SWCNTs, (d) MWCNTs, (f) ox-CNOs and C60-Pd polymer.

where ipc is the pseudo-capacitance current and V is the potential
sweep rate.

The mass of the polymer deposited at the electrode surface of
the carbon nanomaterials was  calculated from EQCM measure-
ments. The carbon nanostructures dispersed in dichloromethane
was dispensed onto quartz surfaces. The solvent was then evapo-

rated and on this layer the polymer was  deposited. The frequency
changes of the quartz crystal during the C60-Pd film depo-
sition onto the carbon nanostructures are shown in Fig. 9.
From the frequency changes, �f,  the mass of the polymeric
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Fig. 6. TEM images of (a) SWCNTs/C60-Pd and (b) ox-CNOs/C60-Pd. The C60-Pd poly-
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Fig. 7. Cyclic voltammograms for (a) C60-Pd polymer, (b) SWCNTs/C60-Pd, (c)
MWCNTs/C60-Pd and (d) ox-CNOs/C60-Pd films in 0.10 M (TBA)ClO4 in acetoni-
trile. The mass of the C60-Pd polymer deposited at the bare gold electrode (a) was
0.531 �g. The composites containing (b) 3.90 �g SWCNTs and 0.77 �g C60-Pd, (c)

T
S

er  was deposited under CV conditions in acetonitrile:toluene (1:4, v:v) mixture
ontaining 0.27 mM C60, 3.56 Pd(ac)2 and 0.10 M (TBA)ClO4.

aterial was calculated using Sauerbrey equation: �m = 17.7 �f  ng
z−1 cm−2.

The specific capacitance was calculated using Eq. (1) for the

otential range where the polymer is conducting. This pseudo-
apacitance current mainly results from electroreduction of the
60-Pd polymer. The higher specific capacitance, equal to about

able 1
pecific capacitance for the carbon nanostructures/C60-Pd composites in 0.1 M (TBA)ClO4

Specific capacitance (F g−1)

mcarbon nanostructures/mC60Pd Based on the composite mass 

SWCNTs/C60-Pd MWCNTs/C60-Pd ox-CNO

2 65 27 20 

5  56 28 14 

10 59 31 17 

15  61 60 17 
3.93 �g MWCNTs and 0.68 �g C60-Pd and (d) 3.36 �g ox-CNOs and 0.65 �g C60-Pd.
The potential sweep rate was 100 mV s−1.

990 F g−1, was  obtained for the C60-Pd polymer deposited on the
SWCNTs film. In the same way the capacitance calculated for the
other composites were 758 F g−1 and 284 F g−1, for MWCNTs/C60-
Pd and ox-CNOs/C60-Pd, respectively. The values obtained for
SWCNTs/C60-Pd and MWCNTs/C60-Pd are several times higher
when compared to the C60-Pd film deposited on the surface of the
bare gold electrode (Cs = 200 F g−1) [78].

The effect of the composition of the carbon nanostructures/C60-
Pd composites on their capacitive behavior was also investigated.
We  studied the influence of the amount of carbon nanostructures
and the amount of polymer on the capacitance of the analyzed com-
posites. The specific capacitance values, calculated for all analyzed
compositions of all layers are summarized in Table 1. Fig. 10 shows
that the capacitance is stable and independent of sweep rate.

The key requirement for commercial application of materials in
electronics, energy storage devices and batteries, is their electro-

chemical stability. Electrochemical stability of electroactive films
depends on different parameters, such as the synthesis conditions
and the nature of the cation doping the layer and of the solvent.

in acetonitrile.

Based on the C60-Pd mass

s/C60-Pd SWCNTs/C60-Pd MWCNTs/C60-Pd ox-CNOs/C60-Pd

196 89 62
339 189 86
661 394 189
994 758 284
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destroy completely. In all cases, even after prolonged potential
scanning to very negative potentials, the film is not completely
removed from the surface of the electrode. A stationary background

0

100

200

300

400

500

0 30 60 90 120

Sp
ec

ifi
c 

ca
pa

ci
ta

nc
e 

 (F
 g

- 1
)

Sweep rate (mV  s-1)
ependence of the current at −950 mV on the potential sweep rate for the
WCNTs/C60-Pd film containing 3.93 �g MWCNTs and 0.68 �g C60-Pd.

e  studied the influence of the potential window on the elec-
rochemical stability of the composites, in acetonitrile solution
ontaining (TBA)ClO4 as supporting electrolyte. The SWCNTs/C60-
d film is stable down to −2.7 V. At more negative potentials, a slow
ecomposition of the polymer is observed. Fig. 11a shows multi-
yclic voltammograms of the SWCNTs/C60-Pd recorded within a
otential range between 0 and −2.8 V. Progressive decomposition
f the composite is observed for every cycle but the decomposition
ercent is very small. It has to be stressed that this compos-

te is much more stable when compared to the C60-Pd polymer
lone [90]. Similar behavior for the MWCNTs/C60-Pd composite
as observed. In the case of ox-CNOs/C60-Pd composite, it slowly
ecomposed at a potential of −1.5 V. The stable potential range
f the composite based on ox-CNOs is lower to that of the C60-
d film deposited at a bare metallic electrode. In acetonitrile
olution containing (TBA)ClO , the C -Pd polymer decomposed
4 60
t −1.8 V [90]. The composites containing SWCNTs and MWC-
Ts are the most stable because of their excellent mechanical

trength.
recorded at the Au/quartz electrode coated with the 3.90 �g SWCNTs in acetoni-
trile:toluene (1:4, v:v) mixture containing 0.27 mM C60, 3.56 Pd(ac)2 and 0.10 M
(TBA)ClO4. The potential sweep rate was 100 mV  s−1.

Structures containing these carbon materials are difficult to
Fig. 10. Specific capacitance of (�) SWCNTs/C60-Pd, (�) MWCNTs/C60-Pd and (�)
ox-CNOs/C60-Pd as a function of scan rate recorded in acetonitrile containing 0.10 M
(TBA)ClO4. The composites containing (�) 3.90 �g SWCNTs and 0.77 �g C60-Pd, (�)
3.93 �g MWCNTs and 0.68 �g C60-Pd and (�) 3.36 �g ox-CNOs and 0.65 �g C60-Pd.
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.10 M (TBA)ClO4 in acetonitrile. The composite containing 3.90 �g SWCNTs and

.77  �g C60-Pd. The mass of the C60-Pd polymer deposited at the bare gold electrode
as  0.531 �g. The potential sweep rate was 100 mV s−1.

urrent is observed in voltammograms recorded after prolonged

otential scanning. Moreover, thin layers initially grown on the
lectrode surface exhibit higher stability in negative potential
ange. These systems are more stable than the pure C60-Pd polymer
Fig. 11b).
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ig. 12. Nyquist plots for ( ) C60-Pd polymer, (�) SWCNTs/C60-Pd, ( ) MWCNTs/C60-
d  and ( ) ox-CNOs/C60-Pd films in acetonitrile containing 0.10 M (TBA)ClO4 at
1200 mV.  The composites containing (�) 3.90 �g SWCNTs and 0.77 �g C60-Pd, (�)
.93 �g MWCNTs and 0.68 �g C60-Pd and (�) 3.36 �g ox-CNOs and 0.65 �g C60-Pd.
he mass of the C60-Pd polymer deposited at the bare gold electrode was  0.531 �g.
he  frequency range was  10 kHz -100 mHz. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web version of this article.)
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Fig. 13. (a) Dependence of the imaginary part of capacitance on frequency and
(b)  dependence of real part of capacitance on frequency for ( ) C60-Pd polymer,
(�)  SWCNTs/C60-Pd, ( ) MWCNTs/C60-Pd and ( ) ox-CNOs/C60-Pd films in ace-
tonitrile containing 0.10 M (TBA)ClO4 at -1200 mV.  The composites containing (�)
3.90 �g SWCNTs and 0.77 �g C60-Pd, (�) 3.93 �g MWCNTs and 0.68 �g C60-Pd and
(�) 3.36 �g ox-CNOs and 0.65 �g C60-Pd. The mass of the C60-Pd polymer deposited

at  the bare gold electrode was 0.531 �g. (For interpretation of the references to color
in  this figure legend, the reader is referred to the web version of this article.)

The composites were also investigated by electrochemical
impedance spectroscopy. The Nyquist plots of the composites at
potentials at which the fullerene cages are reduced exhibit a verti-
cal trend at low frequencies (Fig. 12), indicating capacitive behavior.
In the case of plots obtained for the ox-CNOs/C60-Pd composite, the
capacitive behavior was replaced by a more inclined diffusion line.
Since the charge transfer step is very fast and the capacitance of the
system very high, the semicircle feature related to the charge trans-
fer process is not observed on Z′ ′–Z′ graphs. The internal resistance
at 10 kHz (real Z′ axis) for composites based on SWCNTs, MWCNTs
and ox-CNOs were very similar and close to 400 �. For the pure
C60-Pd polymer the internal resistance is 416 �. In Fig. 13,  the rela-
tion between the real and imaginary capacitance as a function of

frequency is shown. From the C′ ′ − log f relation, a relatively small
value of the relaxation time �o was  observed (Fig. 13a), indicating
that the system passes the frontier between resistive and capacitive
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ehavior very quickly. The smallest value of the relaxation time was
btained for the ox-CNOs/C60-Pd. The values of capacitance were
alculated according to the equation:

 = (2�f Z ′′)−1 (4)

From the slope of the linear correlation between the imaginary
mpedance and the reciprocal of the frequency (Fig. 14),  specific
apacitances of 397 F g−1, 249 F g−1 and 118 F g−1 were obtained
or SWCNTs/C60-Pd, MWCNTs/C60-Pd and ox-CNOs/C60-Pd, respec-
ively. For comparison, the specific capacitance obtained for C60-Pd
s 239 F g−1. The EIS capacitance values follow the capacitances
btained from cyclic voltammograms. The values of the capaci-
ances obtained from the limiting value of C′ − log f dependences
nd from the linear relations between Z′ ′ and the recriprocal of
�f are very similar. The values of capacitance, calculated from
he C′–log f relation are 386 F g−1, 246 F g−1 and 115 F g−1, 237 F g−1

espectively, for SWCNTs/C60-Pd, MWCNTs/C60-Pd, ox-CNOs/C60-
d and for the C60-Pd polymer.

. Conclusions

Composites containing a C60-Pd polymer and different carbon
anostructures, such as SWCNTs, MWCNTs, and ox-CNOs, were
repared by electrochemical polymerization of C60-Pd onto thin
lms of the carbon nanostructures immobilized on an electrode
urface. The materials exhibit porous structures. The most compact
lm was obtained for the ox-CNO/C60-Pd composite. All materials
re electrochemically active at negative potentials due to fullerene
oiety reduction. All composites also exhibit good electrochemical

tability under multicyclic voltammetric conditions. Both mechan-
cal and electrochemical stabilities increase significantly compared
o the pure C60-Pd polymer. The composites also give fast cur-
ent responses upon potential changes. The lowest relaxation time,

qual to 30 ms,  which is related to a transition between conduct-
ng and non conducting states, was obtained for ox-CNO/C60-Pd.
he porous structure of the composites confer also good capaci-
ance properties. Limiting values of 994, 758, and 284 F g−1 were

[

[

 Acta 96 (2013) 274– 284

found for SWCNTs/C60-Pd, MWCNTs/C60-Pd and ox-CNOs/C60-Pd,
respectively. These values are much higher compared to the specific
capacitance of the pure C60-Pd polymer. Therefore the composites
are very promising materials for the preparation of supercapacitors.
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