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/Abstract: The development of high-surface-area carbon
electrodes with a defined pore size distribution and the in-
corporation of pseudo-active materials to optimize the over-
all capacitance and conductivity without destroying the sta-
bility are at present important research areas. Composite
electrodes of carbon nano-onions (CNOs) and polypyrrole
(Ppy) were fabricated to improve the specific capacitance of
a supercapacitor. The carbon nanostructures were uniformly
coated with Ppy by chemical polymerization or by electro-
chemical potentiostatic deposition to form homogenous

\

composites or bilayers. The materials were characterized by
transmission- and scanning electron microscopy, differential
thermogravimetric analyses, FTIR spectroscopy, piezoelectric
microgravimetry, and cyclic voltammetry. The composites
show higher mechanical and electrochemical stabilities, with
high specific capacitances of up to about 800 Fg™' for the
CNOs/SDS/Ppy composites (chemical synthesis) and about
1300 Fg™' for the CNOs/Ppy bilayer (electrochemical
deposition).

/

Introduction

Carbon nanostructures have attracted considerable attention
because of their unique physical and chemical properties. They
show high chemical stability and large specific surface area.
The integration of carbon materials with polymers,™ biomole-
cules,”” inorganic materials,® or polyelectrolytes® has led to
the development of new materials and sensors. The combina-
tion of carbon materials with conducting polymers results in
novel materials with potential practical applications. The devel-
opment of composites for use as supercapacitor electrodes
(CEs) can provide enhanced potential electronic and ionic con-
ductivity, and can considerably improve charge storage and
delivery. The fabrication of composites by using carbon materi-
als as a support increases the effective utilization of the active
materials and improve the electrical conductivity. This combi-
nation offers also attractive possibilities to reinforce polymers
to improve their mechanical properties.

Generally, on the basis of the energy storage mechanism, su-
percapacitors can be classified into two types. The charge on
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the electrode surface/electrolyte interface can be stored by
electrostatic interactions (electrical double layer capacitors,
EDLCs) or by faradaic processes (pseudocapacitors, PCs). In
EDLCs the capacitance arises from pure electrostatic accumula-
tion of charge at the electrode/electrolyte interface.”’ The ca-
pacitance is strongly dependent on the surface area of the
electrode material that is accessible to the electrolyte ions. The
electrode materials in PCs are electrochemically active and fast
faradaic reactions are involved, requiring charge transfer across
the double layer.®

The carbon-based electrode materials possess unique chemi-
cal and physical properties, namely: 1) reasonably high con-
ductivity; 2) relatively high surface-area; 3) high thermal stabili-
ty; 4) excellent corrosion resistance; 5) controlled pore size dis-
tribution; and 6) compatibility with composite materials.” Al-
though they show many advantages, the non-modified carbon
surfaces show limited accessibility to the electrolyte in EDLCs
and affects the performance of supercapacitors. An effective
approach is to modify the carbon surface with redox materials,
such as transition-metal oxides,”® and conducting polymers,®'
to form composites. Composite materials based on the integra-
tion of carbon structures with other substances can lead to
materials possessing properties of the individual components:
the large pseudocapacitance from the redox-capacitive materi-
als and the robustness of the carbon nanostructures provide
promising applications for electrochemical or photovoltaics
purposes.'” The challenge is the fabrication of composite ma-
terials containing conducting polymers and carbon materials
with the proper ratio of components and a homogeneous
structure. Different porous carbon nanostructures have been
used as supports for the deposition of electroactive conduct-
ing polymers, that is, polyaniline,"" polypyrrole (Ppy),"* and
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their derivatives to prepare carbon/conductive composite
electrodes.

Polypyrrole is one of the best known materials as it exhibits
relatively high conductivity, good stability in water and air, and
relatively low cost.*® The redox transitions of PPy can occur
within the available potential window for water at neutral
pH,"® which is less corrosive than the strongly acidic electro-
lytes employed for PANL"” On the other hand, PPy exhibits
poor cycling stability during the charge-discharge processes.

Ppy can be easily prepared using either chemical"® or elec-
trochemical™ methods. There are different advantages for
each method. Chemical synthesis requires oxidants. The elec-
trochemical methods, including potentiostatic, galvanostatic,
and potential-cycling methods, are preferred for electrode
preparation because the conducting polymers can be directly
coated on the substrates and they exhibit much better electri-
cal conductivity than materials prepared chemically. Since PPy
is polymerized by electrochemical techniques onto the elec-
tronically conductive substrates, the capacitive properties of
the synthesized polymers are strongly dependent on the coun-
terions present during the polymerization.”® Accordingly, the
effects of preparation variables on the capacitive performance
and textural properties of PPy are worth studying. On the
other hand, chemical synthesis results in materials showing
lower homogeneity. Since the chemical polymerization results
in a more porous morphology of the polymers, the degree of
solvent swelling and ion transport through the obtained films
is easier.?"

The supercapacitors have been developed to combine differ-
ent electrode materials to improve device performances. Poly-
pyrrole and carbon composites are promising electrode materi-
als for this purpose. For example, well-defined core-shell
carbon black/polypyrrole composites were prepared by in situ
chemical oxidative polymerization. A maximum discharge ca-
pacity for this composite of 366 Fg~' was achieved.”? The
composite materials containing 20 wt% of multiwalled carbon
nanotubes and 80 wt % of chemically formed conducting poly-
mers such as polypyrrole have been prepared. In the case of
three-electrode cells, the highest capacitance values found
were about 500 Fg™'. A remarkable specific capacitance of
427 Fg~' was achieved for multi-walled carbon nanotube/poly-
pyrrole membranes.”® The electrochemical performance of
graphene/polypyrrole composites has also been measured and
a specific capacitance of 400 Fg™' and 324 Fg™' at a current
density of 0.3 Ag™" and 1.5 Ag™" has been reported repeated-
ly.?Y Graphene nanolayers deposited by electrophoresis with
Ppy attached on their surfaces, lead to specific capacitances up
to 1510 Fg~'.*® Chemical and electrochemical methods could
be easily applied for the synthesis of PPy/carbon composites,
and the correlation between the synthesis method and the
physicochemical properties (mainly electrochemical) should be
established.

Recently, we have focused on the synthesis of small carbon
nano-onions (CNOs) structures (few shells), which can be com-
pared to those of smaller single shelled structures such as Cg,
or larger ones, such as the carbon nanotubes. Our interest is
the application of CNOs in supercapacitor electrodes. CNOs are

Chem. Eur. J. 2015, 21, 5783 -5793 www.chemeurj.org

5784

CHEMISTRY

A European Journal

Full Paper

spherical structures first observed by lijima in amorphous
carbon films prepared by a vacuum evaporation method.”®
Carbon nano-onion structures consist of a hollow spherical full-
erene core surrounded by concentric fullerene layers with in-
creasing diameter with a distance between the layers of
0.335 nm, which is very close to the interlayer distance in bulk
graphite.””? Different synthetic methods that start with various
precursors lead to the preparation of CNOs, mainly differing in
the number of layers and the nature of the core.”*?* The fol-
lowing techniques have been reported for the synthesis of
CNOs: electron-beam irradiation,”*3” carbon-ion implanta-
tion,®” thermal annealing of ultradispersed nanodiamond,®”
arc-discharge between two electrodes in water,”® and chemi-
cal vapor deposition.®” The method we use in our laboratory
is based on thermal annealing of ultradispersed nanodiamond
(ND) particles of about 5 nm in average diameter.” The result-
ing CNOs consist of a few graphene shells (6-8 layers). Recent
studies of onion-like structures show very interesting physico-
chemical properties of these structures that are attractive for
many applications.?*® CNOs have potential applications in
energy conversion and storage,®” catalysis,*” electronics,*"*?
as cathodes in Li-ion electrochemical energy storage devi-
ces,*** as optical limiting agents,'** as hyperlubricants,“&*"
as electron field emitters,*® and for biosensors.>*"*? Much at-
tention has also been paid to the preparation of CNO compo-
sites with polymers,”>¥ solid polyelectrolytes,” metal oxides/
hydroxides,* and metal nanoparticles.”™ The composites in-
cluding CNOs show excellent properties such as long cycle life
and highly reversible capacity.®® Liu et al. investigated Ni/C
nanocapsules with CNO shells as anode materials for lithium
ion batteries.*® This core-shell material exhibited excellent
properties, such as a high charge-discharge rate and cycling
stability.

Recently, we developed chemical and electrochemical proce-
dures for the formation of composites containing CNOs and
polypyrrole. Herein, we report the chemical and electrochemi-
cal synthesis and capacitance performance of new composite
electrodes, namely CNOs/SDS/Ppy (Scheme 14, (2)) and CNOs/
Ppy (Scheme 14, (1) and Scheme 1b). In this work we focus on
a comparison of the electrochemical properties of the electro-
chemically and chemically synthesized composites. The effect
of the different synthetic procedures on the morphology and
electrochemical properties of Ppy, CNO/Ppy, and CNOs/SDS/
Ppy was investigated. The specific capacitances of the resulting
electrodes under various conditions are also reported.

Results and Discussion

Chemical preparation and characterization of CNO/PPy
composites

The CNOs and polypyrrole composites were synthesized by
the chemical polymerization of pyrrole (py), where pristine
(Scheme 14, (1)) and sodium dodecyl sulfate (SDS) functional-
ized CNOs (Scheme 14, (2)) were used as the starting materials.
In both procedures, 0.12m FeCl; and 0.03 ™M pyrrole were used
as the starting materials. The CNO particles were dispersed in
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a) Chemical synthesis of CNOs/Ppy and CNOs/SDS/Ppy composites
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Scheme 1. a) The chemical synthesis of CNOs/Ppy and CNOs/SDS/PPy. b) The electrochemical polymerization of py at the GCE/CNOs electrode.

an aqueous solution (0.35mgmL™") with SDS (3.75
1077 gmL™). In this procedure, the negatively charged func-
tional groups electrostatically interact with the pyrrole mono-
mers, providing nucleation centers for the subsequent poly-
merization of pyrrole.

The TEM images shown in Figures 1a and 1b confirm the
formation of the Ppy particles on the CNO surface. The mor-
phologies of Ppy depend on the preparation conditions. Mor-
phological characterization was performed to evaluate the
degree of dispersion of the materials. SEM images of a Au foil
covered with films of the CNOs/SDS/Ppy composites are
shown in Figures 1e and 1f. Films were prepared by drop
coating: 1.5 mg of CNOs or CNOs/SDS/Ppy was dispersed in
1 mL dichloromethane, and 20 pL of dispersion was transferred
to a Au surface and evaporated. The morphology of the com-
posites differs from the morphology of films formed only by
the CNOs (Figure 1c¢). At the micrometer scale, CNOs form ag-
gregates on the gold surface. Plain CNOs tend to agglomerate,
which results from the van der Waals interactions between the
nanoparticles (Scheme 14, (1)). From Figure 1d, it can be seen
that pristine Ppy synthesized without carbon nanostructures
shows a typical granular morphology. The granule size of the
pristine Ppy is about 0.3-0.5 um. From the TEM images it was
found that the CNO/Ppy composites consist of a large amount
of pure polymer forming granular sheets and big aggregates
of the carbon nanoparticles. The synthesis of the CNO/Ppy
composites in the presence of SDS resulted in a good disper-
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sion of CNOs and allowed a more uniform polymerization of
pyrrole on the CNOs surface. Figure 1e and f reveal that the
CNOs are uniformly coated with Ppy, indicating that the chemi-
cal polymerization of pyrrole was effectively achieved. The
CNOs/SDS/PPy composite films show uniform morphology and
porous structures with regular spherical, granular polymer par-
ticles deposited on the carbon materials (Figures 1e and 1f).

The thermal stabilities of the composites were determined
by differential thermogravimetric analyses (TGA-DTG-DTA). The
presence of both components, the carbon nanostructures as
well as polymer phase were also confirmed by this method.
The onset oxidation, inflection, and end temperatures are
listed in Table 1, representing the initial weight loss, the maxi-
mum weight loss, and the final weight in the TGA-DTG-DTA
graphs, respectively.

Figure 2 shows the TGA-DTG-DTA scans under an air atmos-
phere at 10°C min~' for CNOs, Ppy, and two composites:
CNOs/Ppy and CNOs/SDS/Ppy. The temperature necessary for
the removal of the porous carbon formed during the low-tem-
perature annealing in an air atmosphere is lower than the
combustion temperature of the pristine carbon nanostructures.
As shown in Figure 2a and 2b, curve 1, CNOs exhibit a com-
plete degradation at around 700°C (see also Table 1) with an
inflection temperature around 650°C. The degradation process
results from the combustion of CNOs in air. Analogous ther-
mogravimetric analyses in an inert atmosphere (N,) showed
that the carbon nanoparticles were thermally stable up to
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Figure 1. TEM images of a),b) CNOs/SDS/PPy and SEM images of c) CNOs,
d) PPy, and e),f) CNOs/SDS/PPy.

Table 1. TGA-DTG-DTA results of CNOs and their composites.
Sample Onset Inflection End
temperature temperature temperature
CNOs 500 650 700
Ppy 220 - 600
CNOs/Ppy 230 635 680
CNOs/SDS/Ppy 225 645 685
1000°C (Supporting Information, Figure S1). Ppy exhibits

a gradual mass loss in the temperature range from 30 to
220°C and from 220 to 600°C (Figure 2b, curve 2). The com-
plete decomposition of Ppy occurs around 600°C (Figure 2a,
curve 2; see also Table 1). Similar characteristics were observed
for both composites: CNOs/Ppy and CNOs/SDS/Ppy, and are
assigned to the degradation of the polymer backbone and of
the carbon nanostructures. These results also indicate that the
CNO/Ppy and CNOs/SDS/Ppy composites are fairly stable up to
a temperature of around 220°C and then start to decompose
(see Table 1). Comparison of the thermogravimetric analyses
for both composites under different atmospheres clearly
shows that degradation in an air atmosphere arises from their
combustion (Figure 2; Supporting Information, Figure S1). As
shown in Figure 2a, the TGA curves clearly showed that the
mass of Ppy decreased in the composites (see curves 3 to 4)
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Figure 2. a) TGA and b) DTG curves of 1) CNOs, 2) Ppy, 3) CNOs/PPy, and

4) CNOs/SDS/PPy. Measurements in an air atmosphere at 10°Cmin~".

and confirmed the presence of the polymer layer on the
carbon nanostructure surfaces.

Figure 3 shows the Fourier transform IR (FTIR) spectra of
pristine CNOs, PPy, and two CNOs/PPy, and CNOs/SDS/PPy
composites. The characteristic peaks around 1530-1540 cm™'
and 1460 cm™' are due to the symmetric and unsymmetric
stretching modes of the pyrrole rings, respectively.*® The
bands in the range between 1024-1036 cm™' and 1290-
1298 cm™' were attributed to C—H deformation vibrations and
C—N stretching vibrations, respectively.®” The peaks near
1160 cm™' in the composites and at 1172 cm™' in the pristine
Ppy indicate the doping state of the polymer. The bands in the
range between 770-785cm™' and 850-900 cm™' verify the
presence of polymerized pyrrole.”® These FTIR spectra confirm
that Ppy was indeed deposited on the CNO surfaces.

To evaluate the electrochemical performance of the 3D
nanostructured CNO composites as supercapacitor electrodes,
cyclic voltammetry (CV) studies were performed using a three-
electrode configuration. CVs were employed to evaluate the
electrochemical performance of the modified electrodes with
the CNOs/Ppy and CNOs/SDS/Ppy composites, and pristine
CNOs and Ppy for comparison.

It has been shown that the capacitive properties of various
porous forms of carbon electrodes depend on the time of the
double-layer charging. The effect of the supporting electrolyte
on the electrochemical properties of the CNO films was investi-
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Figure 3. FTIR spectra of a) CNOs, b) PPy, c) CNOs/PPy, and d) CNOs/SDS/PPy.
Spectra are offset vertically for clarity.
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Figure 4. Multicyclic voltammograms of the CNOs films in 0.1 m a) TBACIO,,
b) TBABF,, c) TBAPF,, and d) LiCIO,. The sweep rate was 20 mVs~'. Voltam-
mograms are offset vertically for clarity.

gated (Figure 4). The films were deposited on the electrode
surface by drop coating. A 10 pL aliquot of the dichlorome-
thane solution containing CNOs (1.5 mgmL™") was dispensed
onto the electrode surface. After solvent evaporation in an
argon atmosphere, the electrode remained coated with a rela-
tively porous film of the carbon nanostructures. The films were
stable and conductive in the potential window ranging from
—300 to +500 mV vs. Ag/AgCl (Figure 4). There are two proc-
cesses responsible for the influence of the supporting electro-
lyte on the CNOs film capacitance: 1) the degree of counterion
penetration in the films, and 2) the structure of the double
layer on the CNO surface and electrolyte solution.”” In the ab-
sence of specific adsorption, both effects depend mainly on
the size of the supporting electrolyte ions. Multicyclic voltam-
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mograms presented in Figure 4 indicate that the charge-dis-
charge processes of the films are accompanied by the trans-
port of the supporting electrolyte from the solution to the film
in order to maintain the film electroneutrality.

Figure 5 panel (1) shows the voltammetric responses of the
pristine CNOs, the CNOs/Ppy, and CNOs/SDS/Ppy electrodes at

M
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Figure 5. Cyclic voltammograms in MeCN with the addition of 1) 0.1 m
TBAPF, of GCE covered with a) CNOs, b) Ppy, c) CNOs/Ppy; 2) 0.1 m TBACIO,
of GCE covered with a) Ppy, b) CNOs/Ppy, c) CNOs/SDS/Ppy. The sweep rate
was 100 mVs~". Voltammograms are offset vertically for clarity.

scan rates of 100 mVs™'. Voltammograms were recorded for

the same mass of material deposited on the electrode surfaces
(4.5 pg). After polymer or composite deposition on the GCE
electrode (5 pL of active material dispersed in dichloromethane
solution) and solvent evaporation, the modified electrodes
were transferred to acetonitrile (MeCN) solutions containing
0.1m tetra(n-butyllammonium hexafluorophosphate (TBAPF)
or tetra(n-butyllammonium perchlorate (TBACIO,), and cyclic
voltammograms were recorded (panel (1) and (2), respectively).
In contrast to the CV curves for pristine CNOs (Figure 5a,
panel (1)), that show almost pseudorectangular cathodic and
anodic profiles, the CV curves of the CNO composites show
electrochemical activity (capacitive faradaic contributions, oxi-
dation and reoxidation process) at potentials less positive than
ca. —500 mV (vs. Ag/AgCl) owing to the Ppy backbone electro-
oxidation. In all cases, films are electrochemically oxidized or
reoxidized during potential cycling. For all of the studied com-
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posites (CNOs/Ppy and CNOs/SDS/Ppy) in the different tetra(al-
kyllammonium anion solutions (Figure 5), the electrochemical
behavior of the deposited films was reversible. The peak po-
tential for the oxidation (O,) process is shifted anodically by
about 300 mV for CNOs/Ppy (Figure 5¢, panel (1)) and CNOs/
SDS/Ppy (Figure 5¢, panel (2)). In this case, an effect due to the
supporting electrolyte is observed. The charge for the oxida-
tion of the films increases with a decrease in the size of the
anion of the supporting electrolyte. Multicyclic voltammo-
grams presented in Figure 5 indicate that the charge-dis-
charge processes of the films are accompanied by the trans-
port of the supporting electrolyte from the solution to the film
to maintain the film electroneutrality. The shape of the voltam-
mograms remains unchanged (Figure 5¢, panel (2)). The me-
chanical and electrochemical stability of the films are impor-
tant factors to determine the potential practical application of
the materials. It was found that mutlicyclic voltammograms re-
corded for CNOs/polymer composite films are fairly stable in
MeCN solution in the potential range between —2000 and
4200 mV vs. Ag/AgCl (Figure 5). Tests were conducted using
over 500 cycles in a three-electrode system and the resulting
capacitive currents as a function of cycling numbers are shown
in Figure 6. The CNO/SDS/Ppy electrodes exhibit a long-term

175

R

150 E==1000td+300m

— i

12512 S S N

100 E = -2000 t¢ +600 mV/

~
o

Capacitive current (LA
(6]
o

N
w

0 100 200 300 400 500
Cycle numbers

Figure 6. Performances measured at a scan rate of 100 mVs™' for 500 cycles
in MeCN and 0.1 m TBACIO, of GCE covered with CNOs/SDS/Ppy in E from
(0) —1000 to 4300 mV and () —2000 to + 600 mV, vs. Ag/AgCl.

cycling stability, retaining ca. 80% and 65% of their initial ca-
pacitive current after 500 cycles, for two different potential
ranges between —1000 and +300mV and —2000 and
+600 mV vs. Ag/AgCl, respectively. A decrease of the specific
capacitance can be attributed to the partial dissolution of the
active material and to mechanical failures.

The films formed from the composites with carbon materi-
als, show much higher mechanical and electrochemical stabili-
ty than films obtained from pristine Ppy. The specific capaci-
tance (C,) of the electrodes can be estimated from the CV
curves using Equation (1), where E,, E, are the cut off poten-
tials in cyclic voltammetry; i(E) is the instantaneous current;
i(E)dE is the total voltammetric charge obtained by integration
of the positive and negative sweeps in the cyclic voltammo-
grams, v is scan rate, and m is the mass of the sample.”*!
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The specific capacitance of carbon nanostructures and their
composites were calculated from the CVs using [Eq. (1)] for
a potential range where the polymer is conducting. These
values are collected in Table 2.

Table 2. Specific capacitance of investigated materials in acetonitrile.

Materials Specific capacitance [Fg~']
Integration I-v (slope)
AEE? E, (4100 mv)®>?
CNOs 1500 179
27[e,k] 30[k]
33[e,h] 37[h]
21t 210
CNOs/Ppy 84! 84™
43[ﬂ 44l[i,b] 56,“'(] 59’[i,d] 65l[i,e] 77[i,ﬂ
CNOs/SDS/Ppy 38410 378,101 490, 530, 652, i< g5l
2130 2130

[a] The specific capacitance (C,) was calculated according to [Eq. (1)] in
which AE is the integration potential range (—100 to +200 mV). Sweep
rates: [b] 100; [c] 75; [d] 50; [e] 20 and [f] 5 mVs™". [g] The specific capaci-
tance (C,) was calculated according to [Eq. (2)] from the slope of the I-v
plots. Supporting electrolytes (concentration 0.1m): [h] TBAPF,;
[l TBACIO,; [j] LiCIO,; [k] TBABF,.

5788

The voltammetric behavior of CNOs, CNOs/Ppy, and CNOs/
SDS/Ppy films in acetonitrile solution at different sweep rates
was investigated. A linear dependence of the total current
with the potential sweep rates was expected. The capacitive
current, i, is given by the following equation:©”

ip = Csvm (2)

where m is the mass of material deposited on the electrode
surface. The values of the specific capacitances calculated from
the dependence of the current with the scan rate for the pris-
tine CNOs, and modified by polypyrrole, are collected in
Table 2. A linear dependence of the capacitive current with the
sweep rate over a large sweep rate range is observed only for
the CNO films. For this electrode, the voltammetric currents
are directly proportional to the scan rates, indicating an ideally
capacitive behavior.2%¢"

The cathodic sweeps of the cyclic voltammetry curves are
not completely symmetric with their corresponding anodic
sweeps in the composite electrodes.® Supercapacitors involv-
ing Faradaic reactions exhibit polarization, and ideal reversible
behavior cannot be realized kinetically for the positive and
negative cycles.® The specific capacitance decreases when
the scan rate increases from 5 to 100 mVs™' (Table 2). Electro-
lyte diffusion within the porous electrode also contributes to
the kinetic irreversibility of the redox reaction. A decrease in
capacitance is attributed to incomplete redox conversions at
higher scan rates, which are due to the diffusion effect of ions
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within the electrode. It suggests that parts of the electrode
surface are inaccessible at high charge-discharge rates. For the
slowest scan rates, these effects not be observed. The highest
specific capacitance, equal to about 800 Fg~', was obtained
for the CNOs/SDS/Ppy composites at 5 mVs~ . The results pre-
sented above also indicate that the CNOs/SDS/Ppy composites
show much higher electrochemical activity than CNOs/Ppy
(Table 2), which is due to the higher homogeneity of the
CNOs/SDS/Ppy composites.

Electrochemical preparation and characterization of CNOs/
PPy composites

Electrochemical deposition techniques provide better control
of the deposited redox material mass on the carbon surfaces
than chemical synthesis methods. The current trend in super-
capacitor development involves the switch from an aqueous
electrolyte, which has a low operating voltage of 1V (owing to
the decomposition of water) to a non-aqueous medium which
allow a much higher voltage window of about 2.5 V. The most
recent supercapacitors available in the market use electrolytes
based on aprotic solvents, typically acetonitrile or carbonate-
based solvents. In our studies both types of solvents, protic
and aprotic, were used for the electrochemical deposition of
Py.

It can be clearly be seen from the images in Figure 7 that
the Ppy particles have spherical structures. Increasing the time
of polymerization caused the formation of a hierarchical multi-
layer of porous nanospheres (Figures 7e and 7g). During the
deposition of polymer on the carbon matrix, the Ppy layers
formed compact and smooth structures at the center of the
electrode (structure 1 in Figures 7e and 7f) with more devel-
oped 3D spherical structures of Ppy on the edges of the elec-
trode surface (structure 2 in Figures 7e and 7g). The morphol-
ogies depend also on the solutions (Supporting Information,
Figure S2) and the supporting electrolytes used (Supporting In-
formation, Figures S3-S6). In a solution containing LiCIO,,
three-dimensional crystals of the supporting electrolytes
formed as needles (Figure 7a; Supporting Information, Figur-
es S3 and S4). The number of these crystals and their size in-
creases with an increase of the times of the electrodepositions
(Supporting Information, Figures S3 and S4).

The specific capacitance of the film can be calculated from
the relationship between the pseudocapacitance current and
the mass of the electroactive materials deposited on the elec-
trode surface. The piezoelectric microgravimetric (EQCM) stud-
ies for the electrodeposition of Ppy (Supporting Information,
Figure S7) and its composites containing carbon nano-onions
were performed in an aqueous (Figures 8 and 9a) or organic
(Figure 9b) solution. The decrease of the frequency of the
quartz crystal at potentials in the range —1200 and 1200 mV
(vs. Ag/AgCl) is related to the deposition of a new solid phase
on the Au/quartz electrode surface (Figure 8). These potentials
correspond to increases of the oxidation current of pyrrole
under voltammetric conditions. Therefore, oxidation of py re-
sults in the electrodeposition of a new solid phase (polypyr-
role) on the electrode surface.
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Figure 7. SEM images of a) PPy and b), e),f),g) CNOs/PPy in LiClO,; c) Ppy
and d) CNOs/PPy in TBACIO, (MeCN, 1% H,0O, 0,1 ™M Ppy E=0.85V vs. Ag/
AgCl); potentiostatic polymerization at a),b),c),d) t=120 s and

e),f),g) t=3600 s. h),i) SEM images of CNOs/Ppy obtained by CVs in 0.1 m
Na,SO,, in E from —1200 to 1200 mV (vs. Ag/AgCl) h) 10 and i) 60 cycles.

The total change in mass increases with every cycle indicat-
ing that the amount of film material deposited on the elec-
trode increases (Figures 8 and 9a; Supporting Information, Fig-
ure S7). The mass of the polymer deposited on the electrode
surface of the composites was calculated from EQCM measure-
ments (Table 3). From the frequency changes, Af, the mass of
the polymeric material was calculated using the Sauerbrey

equation:®¥

Am =17.7 Af 3)

The mass changes, Am (ngHz~'cm™?), indicate differences in
the yield of polymer formation at the different experimental
conditions, as well as on the nature of the electrode surface,
pristine Au quartz electrodes (Supporting Information, Fig-
ure S7), or Au quartz electrodes with CNO films (Figure 8).
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Figure 8. a) Multicyclic voltammograms and b) curves of frequency changes
vs. potential simultaneously recorded at the Au/quartz electrode/CNOs in
0.1 ™ Na,SO, containing 0.1 m pyrrole. The scan rate was 50 mVs™'.

The relationship between the mass values and the scan
numbers/time of deposition of polymer on the electrode sur-
face is presented in Figure 9. At low cycle numbers (Figure 9a)
and time (Figure 9b) the mass (ugcm—?) of polypyrrole depos-
ited on the electrode surface increased linearly with time.
These results were also used to calculate the specific capaci-
tance of the deposited polymers (see Table 3). Because of diffu-
sion control, the high-capacitance performance of CNOs/PPy
was obtained in TBACIO,. An increase of the amount of poly-
pyrrole deposited on the electrode surface, pristine or modi-
fied with CNOs (see Table 3) results in an increase of the film
resistance for the thicker films.

The capacitance performance of the CNOs/PPy electrodes
was investigated by cyclic voltammetry (Figure 10). Electro-
chemically grown polymers on CNO films exhibit typical capac-
itive behavior in the potential range between —200 to
+600 mV vs. Ag/AgCl. The CVs exhibit almost rectangular and
symmetric shapes, suggesting fast reversible Faradaic reactions
and ideal capacitive behavior. To examine the effect of the sup-
porting electrolyte on the CNOs/Ppy electrodes, voltammo-
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Figure 9. a) Mass values of Ppy deposited on the 1) Au/quartz or 2) Au/
quartz/CNOs electrode in 0.1 M Na,SO,. The range of potential from

—1200 mV to 1200 mV (vs. Ag/AgCl); v=50 mVs ™. b) Curves of potentio-
static deposition of polypyrrole recorded at the 1),2) Au/quartz electrode or
3),4) Au/quartz/CNOs electrode in an MeCN (1% H,0) solution containing
0.1 m LiCIO, or 0.1 m TBACIO,, E=0.85V (vs Ag/AgCl). The pyrrole concentra-
tion was 0.1 m.

grams were recorded in acetonitrile solution containing
TBACIO, or LiClO,. The processes are accompanied by cation
transport from the solution to the composites. This ion doping
process limits the amount of polymer that is oxidized. Charges
for the capacitive current of the films increase with a decrease
in the size of the cation supporting electrolyte (Table 3). The
shape of the voltammograms remains unchanged.

From the comparisons, we conclude that the chemical and
electrochemical methods, are flexible and enable control of:

Table 3. Specific capacitance of investigated materials in MeCN base on EQCM studies.

Materials E [mV]® vs. Ag/AgCl t=60 s t=120s"
Na,SO, Liclo, TBACIO, Liclo, TBACIO,
Am Cs[b'd] Am Cs[b,d] Am Cs[b,d] Am CS[b,d] Am Cs[b,d]
[ugem 2] [Fg] [wgem™  [Fg™1  [pgem™  [Fg'] [wgem™  [Fg™'l  [pgem™@  [Fg]
Au/Ppy 74 796 3.5 413 1.6 180 5.4 329 3.8 378
CNOs/Ppy 13.5 331 4.6 1064 8.6 194 7.1 1320 13.7 428

[a] From —1200 to + 1200 mV. [b] The specific capacitance (C,) was calculated according to [Eq. (1)] in which AE is the integration potential range. Integra-
tion AE from —100 to +200 mV vs. Ag/AgCl. [c] Potentiostatic deposition of Ppy at E=850 mV vs. Ag/AgCl. [d] Sweep rates was 20 mVs ™.
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Figure 10. Multicyclic voltammograms of the 1) CNOs, and 2),3) CNOs/Ppy
films in 0.1m 1),2) TBACIO,, and 3) LiClO,. The scan rate was 20 mVs~'. Ppy
was deposited by potentiostatic polymerization at £=850 mV vs. Ag/AgCl,
during a) 60 s and b) 120's.

1) the homogeneity of the composites; 2) the film thickness by
adjusting deposition time of the polymers on the carbon sur-
face; and 3) the electrochemical properties by using different
supporting electrolytes and solutions.

Conclusion

Composites containing carbon nano-onions were prepared by
chemical or electrochemical polymerization of pyrrole on the
carbon material surface. The introduction of Ppy on the carbon
nano-onions surface significantly enhanced the electrochemical
properties of the carbon materials due to the introduction of
pseudocapacitive characteristics to the composites. The materi-
als exhibit porous structures. All materials are electrochemically
active and exhibit good electrochemical stabilities, especially
these including carbon nanomaterials. The CNOs/Ppy and
CNOs/SDS/Ppy composites also have fast current responses
upon potential switching. The materials exhibit good capaci-
tive properties, as high as 1320 Fg™' for the CNOs/Ppy bilayer
in 0.1m LiClO,, and ca. 800 Fg™' in 0.1m TBACIO, for the ho-
mogenous CNOs/SDS/Ppy composite. Our study thus presents
a simple and effective way to fabricate CNOs/Ppy and CNOs/
SDS/Ppy composites with good electrochemical properties as
promising materials for supercapacitors.

Experimental Section
Materials

The pyrrole used for chemical or electrochemical polymerization
was stored at 4°C prior to use. The following chemicals were used
as received: NaCl (100%, POCH), LiClO, (99%, Fluka), Na,SO, (97 %,
POCH), FeCl; (98%, Merck Schuchardt), NaClO, (98%, Sigma-Al-
drich), TBACIO, (99%, Fluka), TBAPF, (99%, Fluka), TBABF, (99%,
Fluka), CH,Cl, (>99,5%, POCH), H,SO, (95%, POCH), MeCN (99,8 %,
Sigma-Aldrich) were analytically pure and used as purchased with-
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out any further treatment. All aqueous solutions were prepared
with deionized water.

Commercially available nanodiamond powder (Carbodeon pDia-
mond Molto) with a crystal size 4-6 nm, and nanodiamond content
>97 wt%, was used for preparation of CNOs. Annealing of ultradis-
persed nanodiamonds was performed at 1650°C under a He at-
mosphere with a heating ramp of 20°Cmin~"'.2" The final tempera-
ture was maintained for one hour, then the material was slowly
cooled to room temperature over a period of one hour. The fur-
nace was opened, and the transformed CNOs were annealed in air
at 400 °C to remove any amorphous carbon.

Methods

The studied films were imaged by secondary electron SEM with
the use of an S-3000N scanning electron microscope from FEI
(Tokyo, Japan). The accelerating voltage of the electron beam was
either 15 or 20 keV and the working distance was 10 mm. Trans-
mission electron microscope images were recorded using the FEI
Tecnai instrument. The accelerating voltage of the electron beam
was 200 keV. Thermogravimetric experiments were performed
using an SDT 2960 simultaneous TGA-DTG-DTA (TA Instruments
company). The spectra were collected at 10°Cmin~" in an air at-
mosphere (100 mLmin™").

The Fourier transform IR (FTIR) spectra were recorded in the range
between 4000 and 100 cm ™' with a Nicolet 6700 Thermo Scientific
spectrometer at room temperature under N, atmosphere. The
spectra were collected with a resolution of 4 cm™". All of the spec-
tra were corrected with conventional software to cancel the varia-
tion of the analyzed thickness with the wavelength.

Voltammetric experiments were performed using a potentiostat/
galvanostat model AUTOLAB (Utrecht, The Netherlands) with
a three-electrode cell. Impedance spectroscopy (EIS) measurements
were performed on an AUTOLAB (Utrecht, The Netherlands) com-
puterized electrochemistry system equipped with a PGSTAT 12 po-
tentiostat and FRA response analyzer expansion card with a three-
electrode cell. The AUTOLAB system was controlled with the
GPES 4.9 software of the same manufacturer. A glassy carbon disk
(GCE) with a diameter of 1.6 mm (Bioanalytical Systems Inc.) was
used as the working electrode. The surface of the electrode was
polished using extra fine carborundum paper (Buehler) followed
by 0.3 pm alumina and 0.25 um diamond polishing compound
(Metadi Il, Buehler). The electrode was then sonicated in water in
order to remove traces of alumina from the metal surface, washed
with water, and dried. The counter electrode was made from plati-
num mesh (0.25 mm) and was cleaned by heating in a flame for
approximately 30 seconds. A silver wire with deposited AgCl (3m
KCl) served as the reference electrode.

Simultaneous voltammetric and piezoelectric microgravimetry ex-
periments were carried out with a home-made built potentiostat
and an electrochemical quartz crystal microbalance, EQCM 5510
(Institute of Physical Chemistry, Warsaw, Poland). Plano-convex
quartz crystals were used. The 14 mm diameter AT-cut, plano-
convex quartz crystals with a 5 MHz resonant frequency were ob-
tained from Omig (Warsaw, Poland). A 100 nm gold film, which
was vacuum-deposited on the quartz crystal, served as the unpol-
ished working electrode. The sensitivity of the mass measurement

calculated from the Saurbrey equation was 17.7 ngHz 'cm 2.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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