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ABSTRACT
Carbon nano-onion (CNO) and Ni(OH)2 or NiO composites were prepared by chemical loading of Ni(OH)2
on the carbon surface. The samples were characterized by transmission electron microscopic (TEM) and
scanning electron microscopic (SEM) methods, powder X-ray diffraction (XRD) technique and by
differential-thermogravimetric analyses (TGA-DTG). The porosity properties were characterized by using
nitrogen gas adsorption analyses. Pristine inorganic samples of NiO and Ni(OH)2 revealed different
morphologies and porous characteristics when compared to those of the CNO composites, which showed
unique electrochemical properties. The electrochemical performance of the CNO/Ni(OH)2 or CNO/NiO
composites is largely affected by the mass, the morphology, the crystal phases of the inorganic
component and the distribution of the Ni(OH)2/NiO phase. The CNO composites were used as materials
for hybrid charge-storage devices.
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1. Introduction

In past decades, various carbon-metal oxide composite elec-
trodes have been developed by combining metal oxides and
different carbon nanostructures, such as carbon nanotubes,
carbon nanofibers, graphene, and reduced graphene oxides
(1, 2). These materials are used for creating energy storage
systems. Among various systems, electrochemical capacitors
are the most popular (3,4). Three kinds of electroactive
materials for capacitors have been developed, which are
based on two different energy storage mechanisms (5). One
type is electrochemical double layer capacitors (EDLC), in
which the energy storage is achieved by charge accumulation
at the electrode/electrolyte interface (6). Another type, called
pseudocapacitors, are based on fast and reversible redox
reactions of the electroactive materials (7). The term
“pseudo” was created to describe electrodes that behaves like
a capacitor (e.g., RuO2, MnO2), (8). These electrodes exhibit
a linear dependence of the charge stored with the width of
the potential window. Pseudocapacitors show larger capaci-
tances than EDLCs. Nevertheless, their low conductivity
leads to lower electron transport rates (9). The third type of
energy-storage device is based on Faradaic reactions. In this
case the charge accumulation is strongly dependent on elec-
trode potentials. They have limited energy density because of
low operating voltages in aqueous electrolytes (ca. 1 V (10))
and stability issues related to carbon oxidation (11). This is
the disadvantage of these materials, in which energy storage
is done by a chemical reaction rather than by physical inter-
actions. In view of the above, these electrodes have a signifi-
cantly higher specific energy, but are somewhat limited in
other respects, like life-stability and repeatability.

Transition metal oxides constitute the major type of elec-
trode materials these days (12). Several reports have shown that
bare metal oxide electrodes can deliver large specific capacitan-
ces and high energy densities at low scan rates, so they are not
good for practical applications (13). The conductance of metal
oxides is very low. The surface area and the pore size distribu-
tions are difficult to control in these types of materials. NiO
and Ni(OH)2 are often used as faradaic rechargeable battery-
type electrodes. Electrodes of different porosities have been pre-
pared under different synthetic conditions (14). The nickel
hydroxide systems can exist in different crystal phases (i.e., a
and b) and various morphologies. a- and b-Ni(OH)2 have the
same hexagonal layered structure between the brucite layers
(15). a-Ni(OH)2 exhibits superior electrochemical properties
because of the presence of intercalated water and anionic spe-
cies (15). Many nickel hydroxide nanostructures such as nano-
plates, nanobelts, and nanoribbons can be fabricated using a
variety of methods (15–18). The synthetic method utilized the
structure of the new materials and their physicochemical prop-
erties, including electrochemical. For example, amorphous
nickel hydroxide nanospheres have been prepared which
exhibit very high specific capacitances, above 2000 F g¡1 (16).
Cao et al. synthesized nickel hydroxide nanoboxes with
diameters between 450 and 500 nm, that showed excellent
electrochemical properties and a very high specific capacitance
(17, 18).

The term “hybrid capacitors” can be used when pairing two
electrode with different charge-storage behavior (8). The elec-
trochemical systems presented in this work involves hybridiza-
tion of faradaic rechargeable battery-type electrodes (NiO, Ni
(OH)2 or composites including carbon nanostructures and
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inorganic component) with a non-faradaic, double-layer type
electrochemical capacitor electrodes (carbon nano-onions)
(19). The combination of the two materials with different
chemical properties can result in high-rate capability and
porosities with better electrochemical performances (higher
energy and power densities, long-term cycling stabilities) (20).

Carbon nano-onions (CNOs) can be successfully applied for
double-layer type electrochemical capacitor electrode (21),
because they have unusual microtexture characteristics and bet-
ter mesoporous properties than other carbon materials (22).
The Brunauer–Emmett–Teller (BET) specific surface areas of
CNOs determined by nitrogen gas adsorption analyses are
between 380 and 600 m2 g¡1 (23), and their conductivity is
similar to those of carbon black and graphitic structures (24).
Therefore, CNOs used as electrode materials show constant
capacitances over a large scan range (25). These structures are
relatively small (diameters <10 nm) and spherical nanopar-
ticles, that constitute zero-dimensional materials (0-D) (26).
CNOs consist of a multilayered arrangement of closed fullerene
shells with a distance between the layers of 0.335 nm (27).
CNOs have been applied in electronics (28, 29), in energy con-
version and storage (32–34), in catalysis (33), as cathodes in Li-
ion electrochemical energy storage devices (34), as optical limit-
ing agents (35, 36), as hyperlubricants (37, 38), as electron field
emitters (39), and for biosensors (40).

Herein, we report a simple method for the preparation of
composites of a-Ni(OH)2 or NiO with CNOs. We successfully
used these hybrid electrodes to improve the performance of our
charge-storage devices.

2. Materials and methods

2.1. Materials

All chemicals and solvents used were commercially available and
were used without additional purification: nickel(II) nitrate hexa-
hydrate (>97.0%, Sigma-Aldrich), ethanol (99.8%, POCh),
ammonium hydroxide (25%, POCh), conductive carbon paint—
a dispersion of colloidal graphite (20% solids) in isopropyl alco-
hol, (4-dimethylamino)pyridine (4-DMAP) (99.0%, Sigma-
Aldrich), and nanodiamond (ND) powder (Carbodeon
mDiamond�Molto) with a crystal size between 4 and 6 nm, and
ND content �97 wt.%. CNOs were produced in accordance
with the procedure we have already published (41). Annealing of
ultradispersed nanodiamonds was performed in an Astro car-
bonization furnace at 1650�C under a 1.1 MPa He atmosphere
with a heating ramp of 20�C min¡1. The final temperature was
maintained for 1 hour, then the material was slowly cooled
down to room temperature over a period of one hour. The fur-
nace was opened, and the CNOs were annealed in air at 400�C
to remove any amorphous carbon. All aqueous solutions for
electrochemical studies were made using deionized water, which
was further purified with a Milli-Q system (Millipore).

2.2. Preparation of the CNO/Ni(OH)2 and CNO/NiO
composites with a different mass ratio

Ten milligrams of CNOs was dispersed in 1 mL of anhydrous
ethanol, sonicated, and the resulting suspension was mixed

with 1 mL of an aqueous solution of (4-dimethylamino)pyri-
dine (20 mM) and stirred. Afterwards, different masses
of nickel nitrate hexahydrate were added and then, a 5%
ammonium hydroxide solution was added to the suspension
dropwise until the pH reached 9.5. The composite material was
obtained by centrifugation after washing several times with
ethanol before drying overnight at 60�C in an oven. The
CNO/Ni(OH)2 composites with mass ratios of CNOs to
Ni(OH)2 of about 1:4, 1:3, and 1:1.5 were prepared. Subse-
quently, the CNO/NiO composites were obtained by calcina-
tion of the corresponding CNOs/Ni(OH)2 at 400�C for 2 hours
in an air atmosphere.

2.3. Methods

The materials were imaged by secondary electron scanning
electron microscopy (SEM) using a FEI Tecnai S-3000N
(Tokyo, Japan). The accelerating voltage of the electron beam
was either 20 or 30 keV. Transmission Electron Microscopic
images were recorded using the FEI TecnaiTM instrument
(Tokyo, Japan). The accelerating voltage of the electron beam
was 200 keV, the TEM point resolution was 0.25 nm, the TEM
line resolution was 0.144 nm, the maximum diffraction angle
was §12�, and the working distance was 10 mm. The energy
dispersive X-ray spectroscopy (EDX) analyses were performed
with the ASPEX System, fully integrated and automated with
the scanning electron microscope (S-3000N). Thermogravimet-
ric experiments were performed using a SDT 2960 simulta-
neous TGA-DTG (TA Instruments company). The
thermogravimetric spectra were recorded at 10�C min¡1 in an
air atmosphere (100 mL min¡1). The powder diffraction data
were measured at 293 K using a SuperNova diffractometer
(Agilent) with a CCD detector and a Cu-Ka radiation at
148 mm sample-to-detector distance. Prior to the experiment,
all samples were loaded into capillaries with a diameter of
0.5 mm. N2 gas adsorption measurements were performed
using a Micromeritics apparatus (ASAP2020 - automatic sorp-
tion analyzer, Micromeritics Corp., USA) at –196�C. Prior to
gas adsorption analysis, the samples were degassed at 350�C
(including NiO) and at 120�C (including Ni(OH)2) under low
vacuum (10 mm Hg) for 20 hours to remove any adsorbed
species.

The electrochemical measurements were performed using a
computer-controlled Autolab modular electrochemical system
equipped with a PGSTAT 12 potentiostat (Eco Chemie Utrecht,
The Netherlands), using the NOVA 1.7 software (Eco Chemie
Urtecht) and a three-electrode cell configuration. The working
electrode was a glassy carbon (GC) disk electrode (Bioanalytical
System Inc.) with a disk diameter of 2.0 mm. Prior to the meas-
urements, the surface of the glassy carbon electrode was pol-
ished using 3.0 mm fine diamond polish and 1.0 mm
micropolish alumina (Buehler) on Texmet/alumina pad
(BASi). Afterwards, the GC electrode was immersed in ethanol,
sonicated for a few minutes to remove the traces of alumina
from the surface, washed with ethanol and dried. The film on
the GC electrode was prepared as follows: 2 mg of an active
material was dissolved in a solution containing conductive car-
bon paint and ethanol in a volume ratio of 1:6 and sonicated
for 15 minutes. Subsequently, the surface of the working
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electrode was modified by the drop-coating method. 10 mL of
the CNO/Ni(OH)2 or CNO/NiO solution was then transferred
to the GC (1.5 mm diameter) surface and solvent was evapo-
rated under an argon atmosphere. A saturated calomel elec-
trode was used as reference electrode. The counter electrode
was made from platinum mesh (0.25 mm). All experiments
were done in water purified in a Millipore apparatus and satu-
rated with in argone gas.

3. Results and discussion

3.1. Characterization of the CNO/Ni(OH)2 and the CNO/
NiO composites

The chemical composition, microstructure, and physical prop-
erties of the metal oxide/carbon composites determine the
properties of the corresponding supercapacitor electrodes. To
date, there are many report of the synthesis of 3D nano- and
micro-structured Ni(OH)2 and NiO composites (42). Using the
same procedures as in our previous studies (43), we prepared
the hybrid CNO/Ni(OH)2 or CNO/NiO composites with vary-
ing weight ratios, following these reactions (14):

Ni2C C NH3�H2O ! Ni NH3ð Þy
h i2C C yH2O (1)

Ni NH3ð Þy
h i2C ! Ni2C C yNH3 (2)

Ni2C C 2OH¡ ! Ni OHð Þ2 # (3)

The synthesis was carried out in the presence of (4-dimethy-
lamino)pyridine (4-DMAP) as a modifier, which promotes
good dispersion of the CNOs (43), and resulted in homogenous
composites. The amount of Ni(OH)2 deposited on the carbon
nanostructure surface can be easily controlled by the initial
concentration of nickel sulfate. NiO was obtained by annealing
the as-prepared Ni(OH)2 at 400�C for 2 hours, according to
Eq. (4):

Ni OHð Þ2 ��������!endothermic
NiO C H2O (4)

The XRD patterns of Ni(OH)2, NiO, pristine CNOs and their
composites are presented in Figure 1. For all patterns, an asymmet-
ric broad peak in the range between 21� and 27� and a second peak
with a maximum at 43.0� were observed, that are attributed to the
(002) and (100) planes of graphite (Figure 1a), respectively (44).
For pristine Ni(OH)2, the peaks appear at 2u D 12.2�, 24.5�, 33.2�,
and 59.2�, and correspond to the (003), (006), (101), and (110)
planes of hexagonal a-Ni(OH)2, respectively (Figure 1a, panel (1)).
These data are in agreement with the reported standard values
(JCPDS card No. 38-0715) (15). The low angle diffraction peaks
attributed to the (003) and (006) planes indicate a layered structure
in a-Ni(OH)2 (45). The (003) peak intensity observed is much
stronger than for the other peaks. The higher content of the inor-
ganic component results in an increase of the spacing in the [001]
direction (45). This phenomenon is observed as a shift of the peaks
corresponding to the (003) and (006) planes to lower angles (10.8�

and 20.1�, respectively) (Figure 1e, panel (1), triangle marked) (46).
This effect could be attributed to an increasing amount of the

intercalated anions in the a-Ni(OH)2 phase, or/and to the transfor-
mation of the a-Ni(OH)2 into the b-Ni(OH)2 phase (46). The
asymmetric broad peak in the range between 34� and 38� is
attributed to disorder in a-Ni(OH)2 crystal lattice (Figure 1b,
panel (1), circle marked) (46). The XRD pattern reveals that the
CNOs/Ni(OH)2 composites (1:4) could contain a mixture of the
a-Ni(OH)2 and b-Ni(OH)2 phases in the sample.

TheXRDpatterns of pristineNiO and of theNiO/CNOcompo-
sites are displayed in Figure 1, panel (2). The diffraction peaks at 2u
values of 36.9�, 43.0�, 62.2�, 75.1�, and 78.9�, correspond to the
(111), (200), (220), (311), and (222) crystal planes, respectively.
A thermal decay of a-Ni(OH)2 to NiO is related to a change of
symmetry from hexagonal to face-centered cubic (JCPDS No. 69-
2901) (45). Because the intensity of the (200) diffraction peak is
higher than the others, it can be deduced that the boundary faces of
the NiO phase aremainly the [100] surfaces (46).

Differential-thermogravimetric analyses (TGA-DTG) were
performed to analyze the thermal stability of the pristine CNOs
and their nickel composites in an air atmosphere. Figure 2

Figure 1. XRD patterns of (a) pristine CNOs; (1) Ni(OH)2 sample of (b) pristine, and
CNO/Ni(OH)2 composites with mass ratio (mCNOs:mNi(OH)2): (c) 1:1.5, (d) 1:2, and (e)
1:4; (2) NiO samples of (b) pristine, and CNOs/NiO composites with mass ratio
(mCNOs:mNiO): (c) 1:1.5, (d) 1:2, and (e) 1:4.
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shows the TGA-DTG curves recorded up to 1000�C at 10�C
min¡1. The onset of oxidation, inflection and end temperatures,
total weight loss are listed in Table 1, corresponding to initial
weight loss, the maximum weight loss and the final weight in
the TGA-DTG graphs, respectively. The highest inflection tem-
perature was observed for the pristine CNOs, It D 650�C
(Table 1, Figure 2 curves (1)), with a total weight loss of 98%
up to 700�C (Table 1). The single sharp mass loss transition
corresponding to the combustion of CNOs signifies that the
material is a homogeneous single phase with no other carbon
material impurities (Figures 2b and d, curve 1).

The percentage of NiO and Ni(OH)2 in the composites can
be estimated from the weight loss of the TGA curves. The
uncalcinated products, Ni(OH)2, and their composites contain
both intercalated and adsorbed water molecules and the con-
tent may vary depending on the experimental conditions. Dif-
ferent amounts of water are present in the samples (see
Figure 2a, curves 3, 4, and 5, for the CNO/Ni(OH)2 composites
with mass ratios: 1:4; 1:3, and 1:1.5 (Table 1)). Very sharp tran-
sitions are observed at 261�C and 408�C (Figures 2b and d),
that correspond to the conversion of Ni(OH)2 to NiO and H2O
(Figure 2a, curves: 2, 3, 4, 5) (47). The first peak is a result of o
the removal of chemically adsorbed water. The complete loss of
water, »33%, was observed at 400�C (Figure 2a, curve 2). Based
on the TGA results, we chose 400�C as the annealing tempera-
ture for the production of the NiO composite materials. The

mass ratios of NiO to CNOs calculated from the TGA studies
(Figure 2c), are similar to those determined for the Ni(OH)2
composites: 1:4; 1:3, and 1:1.5 (Table 1).

Many efforts have been made to optimize composite mor-
phologies to enable high specific capacitances and cycling sta-
bilities (5, 48). The specific capacitance values correlate well
with the nature of the electrode/electrolyte interface. The
porous structure of the carbon materials determines the ionic
conductivity, which results from the mobility of the ions inside
the pores (3, 6, 7, 9). The porosity of the CNO/Ni(OH)2 and
the CNO/NiO composites and their reference materials (Ni

Figure 2. (a, c) TGA curves for (a) Ni(OH)2 or (c) NiO and their composites with CNOs with different mass ratio (3) 4:1, (4) 3:1, (5) 1.5:1, and (1) CNOs and (2) plain inorganic
component. (b, d) DTG curves for (b) Ni(OH)2 or (d) NiO and their composites with CNOs with different mass ratio (3) 4:1, (4) 3:1, (5) 1.5:1, and (1) CNOs and (2) plain inor-
ganic component. Measurements made in an air atmosphere at 10�C min¡1.

Table 1. The TGA-DTG-DTA parameters of substrates and composites.

Sample
Onset

temperature (�C)
Inflection

temperature (�C)

End
temperature

(�C)
Total weight
loss (%)

CNO 500 650 700 98
Ni(OH)2 200 261 490 33
NiO 280 408 490 15
CNO/Ni

(OH)2
1:4 180 261, 408 690 52
1:3 180 261, 420 690 58
1:1.5 180 275, 440 680 71

CNO/NiO
1:4 240 408 680 34
1:3 250 415 690 40
1:1.5 250 430 680 54
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(OH)2, NiO, and CNOs), were determined using N2 adsorp-
tion/desorption isotherms (Table 2). The micro- and mesopore
structures, the pore volumes and the specific surface areas of all
samples were measured using a multilayer model of coverage
adsorption, the BET static nitrogen adsorption method (49).
Starting from the isotherm, it’s possible to correlate the neces-
sary gas volume to fill all the pores in the materials. The major
pore size distribution for plain Ni(OH)2, NiO, the CNO/NiO,
and the CNO/Ni(OH)2 composites was found to be in the
range of 10–17 nm. The pore diameters define these materials
as mesoporous. The BET specific surface areas (SBET) were
obtained from linear plots of 1/[Q(p/p0)–1] versus the relative
pressure (p/p0), where Q is the weight of the adsorbed gas (6, 9,
50). An SBET of 453 m2 g¡1 was obtained for plain CNOs, that
is very close to the value for the ideal spherical solid particles of
5 nm size (51). Structures with a diameter of 5 nm corresponds
to an SBET valve of 343 and 545 m2 g¡1, based on the known
density of diamond (3.5 g cm¡3) and for graphitic carbon
(2.2 g cm¡3), respectively (51).

The SBET values of the CNO/Ni(OH)2 and the CNO/NiO
composites range between 109 and 385 m2 g¡1. The smallest
SBET value was determined for the composite with the highest
mass ratio of the inorganic component. The SBET of plain
Ni(OH)2 and NiO were found to be 173 and 82 m2 g¡1, respec-
tively. During calcination of Ni(OH)2, hydroxyl groups are
removed from the pore system and pore walls collapse, which
causes the BET surface area, microporosity, and average pore
size to decrease. Doping of the inorganic components with the
CNOs resulted in the increase of their microporosity (Table 2),
and the total surface area of the micropores increased from 23
m2 g¡1 (CNOs/NiO 1:1.5), or 20 m2 g¡1 (CNOs/Ni(OH)2 1:1.5)
to 111 m2 g¡1 (plain CNOs) to indicating that the structure of
the pores changed dramatically for the microporous domain.

From the High-Resolution Transmission Electron Micros-
copy (HRTEM) images (Figures 3a and b), the CNO/Ni(OH)2
composites consist of a large number of wrinkled surfaces
(structure 2). After calcination Ni(OH)2 forms more regular
granular structures (Figure 3b). HRTEM of the CNO compo-
sites (Figures 3a and b) showed both structures: the inorganic
(structures 2 and 3) and the carbon particles (structure 1) in

the composite matrix. The CNO/Ni(OH)2 composites consist
of a large number of wrinkled surfaces. SEM images of a Au
foil covered with the CNO composites are shown in Figures 3
(c)–(h). The CNOs tend to agglomerate, which results from the
van der Waals interactions between the nanoparticles (Figures
3d and e). The carbon nanoparticles provide high specific surfa-
ces for the nucleation of Ni(OH)2 nanoparticles that results in a
homogeneous distribution of the inorganic phase on the CNO’s
surfaces (Figures 3d and f). After calcination Ni(OH)2 forms
more regular granular structures. The energy dispersive X-ray
(EDX) spectra (Figures 3i and j) of the CNO composites reveal
that the materials mainly contain C, O, and Ni, with different
mass ratios of the inorganic to the organic phases.

3.2. The electrochemical properties of the hybrid
materials

The goal of this work is to develop materials for electrodes that
simultaneously possess high energy densities, exhibit fast electron
transfer rates and have long-term cycling stabilities (52). To dem-
onstrate the advantages of hybrid electrodes Ni(OH)2 or NiO with
CNOs) which were `obtained by hybridization of faradaic with
non-faradic materials, we have investigated the electrochemical
properties of these materials in a three-electrode configuration cell.
The working electrode was modified by a drop coating method,
described in detail in the experimental section. The CV measure-
ments of plain nickel hydroxide and oxide, and of the hybrid com-
posites were performed at a sweep rate from 5 to 30 mV s¡1 within
a voltage window between ¡0.6 and 0.6 V vs. SCE in 1 mol L¡1

KOH aqueous solution (Figure 4). Each CV curve consists of a pair
of redox peaks and there is an increase in current with the scan
rate. As the scan rate is increased, the cathodic and anodic peaks
are shifted to more negative and positive potentials, respectively, as
a consequence of the internal resistance of the films. This allows
efficient ion transport at the interface of hybrid electrode and elec-
trolyte. It is well-known that only the outer active sites can sustain
redox reactions at high scan rates (53). The anodic sweeps of the
CV curves are unsymmetric compared to the corresponding
cathodic processes, that exhibit partial irreversibility (Figure 4).
The hybrid devices involving Faradaic reactions exhibit polariza-
tion and ohmic resistance during the Faradaic process and thus
ideal reversibility cannot be kinetically achieved for the positive
and negative cycles (54, 55). The oxidation peak is a result of the
conversion of Ni(OH)2 or NiO to NiOOH, and the reduction peak
corresponds to the reverse of this reaction. The redox reactions can
be described as (54, 55):

NiO C zOH¡
?zNiOOH C 1¡ zð ÞNiO C ze (5)

Ni OHð Þ2 C OH¡
?NiOOH C H2O C e (6)

where z is the number of active sites accessed by the OH¡ (53).
The composites exhibit higher capacitive current than the

component materials separately (Figure 5a). Incorporation of
CNOs into the composites resulted in a significant improve-
ment of the capacitive characteristics of the films through the
formation of highly porous structures. The carbon nanostruc-
tures enable the diffusion of electrolyte to the interior of the
films. Slower scan rates facilitate the access of hydroxyl ions

Table 2. The porosity parameters of the CNO/NiO and the CNO/Ni(OH)2 compo-
sites and of their reference compounds based on N2 adsorption/desorption
isotherms.

Sample
SBET

a

(m2 g¡1)
Micropore Areab

(m2 g¡1)
Pore Volume
(cm3 g¡1)

Avarage pore
size (nm)

CNO 453 111 1.44 14
Ni(OH)2 173 19 0.75 17
CNO/Ni(OH)2
1:4 201 38 0.78 16
1:3 235 26 0.85 14
1:1.5 257 20 0.86 13
NiO 82 22 0.31 17

CNO/NiO
1:4 109 41 0.88 10
1:3 225 27 0.71 14
1:1.5 385 23 0.40 16

aSBET – BET specific surface area.
bBased on the t-plot method; single point adsorption total pore volume at relative
p/p0 D 0.984.
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into the films thus increasing the efficiency of the electrochemi-
cal reactions (Eqs 5 or 6). The higher capacitive current
obtained for the composite electrodes indicate the synergistic
effect between the inorganic components and the carbon mate-
rials. This can be attributed to the enhanced electrical conduc-
tivities and facilitated ion transport and diffusion.

In order to obtain practical applications with the new materi-
als, the electrodes must exhibit reasonably high electrochemical

cycling stability. Long cycling-life tests were conducted over 5000
cycles using the CNOs and CNO/Ni(OH)2 composite electrodes
(1 mol L¡1 KOH) at a scan rate of 1 mV s¡1. The CNO/Ni(OH)2
electrodes exhibit long-term cycling stability, retaining ca. 60% of
their initial capacity after 5000 cycles within a 1.2 V voltage range
(vs. Ag/AgCl).

At high scan rates, electrolyte ions cannot fully access
the interior surfaces of the active materials for effective

Figure 3. TEM images of the (a) CNOs/Ni(OH)2, (b) CNOs/NiO composites of mass ratio 1:1.5. SEM images of the Au foil covered with (c) Ni(OH)2, (d) NiO, (e) CNOs, and
composites of (f) CNOs/Ni(OH)2 (1:1.5), (g, h) CNOs/NiO (1:1.5). (i, j) EDX analysis of the (i) CNOs/Ni(OH)2 and (j) CNOs/NiO composites with a different mass ratio.
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redox reactions. In order to verify this point the effect of
the sweep rates on the anodic peak currents was investi-
gated, as shown in Figure 5(a). The linear relationship of
the plot of the peak currents (at the potential of anodic
peaks) versus the slow sweep rates (below 30 mV s¡1;
Figure 5a) indicate a fast electron transfer rate during the

redox reaction in KOH solution and the electrode process
is diffusion-controlled (56). When the sweep rate was
increased to 30 mV s¡1, the capacitive current decreased
and represented only ca. 60% of the starting value. How-
ever, the shapes of the CV curves remain essentially
unchanged even at high scan rates, suggesting that the cells

Figure 4. Cyclic voltammograms of a GC electrode in 1 M KOH covered with: (a) Ni(OH)2, (b) NiO, (c) CNOs/Ni(OH)2 (1:1.5) (Insert: CVs of a GC electrode covered with (1)
carbon paste, (2,3) CNOs; (2) 0.1 mol L¡1 NaCl, and (3) 1 mol L¡1 KOH; v D 5 mV s¡1 (45)), and (d) CNOs/NiO (1:1.5) with the different scan rates: 5, 10, 15, 20 and
30 mV s¡1 and in a three-electrode system.

Figure 5. (a) Dependence of the capacitive current (at the potential of anodic peak) in a three-electrode system, with the sweep rate for: (�) CNOs/Ni(OH)2 (1:3), (&)
CNOs/Ni(OH)2 (1:1.5), (&) CNOs/NiO (1:1.5), (�) CNOs/NiO (1:3). (b) Performances measured at a scan rate of 100 mV s¡1 for 5000 cycles in 1 mol L¡1 KOH of GCE covered
with (&) CNOs/Ni(OH)2 (1:4) and (�) CNOs/Ni(OH)2 (1:1.5).
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possess excellent rate capability, while the gravimetric
capacitance decreased gradually upon increasing scan rates.
There was a gradual decrease in the capacitive current with
increasing the sweep rates. Nevertheless, the capacitive cur-
rent of the CNO composites were always higher than those
of the pristine inorganic materials at all scan rates
(Figure 5a).

The electrochemical stabilities, capacitive properties of
the layers, and the kinetics of the charging processes of
the films were determined using the electrochemical
impedance spectroscopy (EIS). Impedimmetric studies pro-
vide complementary information about the frequency
response of electrode materials in supercapacitors and
allow the estimation of capacitance changes with frequency
(Figure 6) (6, 57). For composites containing redox active
components, faradaic impedance spectra exhibit semicircu-
lar Nyquist plots due to charge transfer resistance, RCT, at
high frequencies, and a Warburg impedance range of lin-
ear Z’-Z” (real-imaging impedance components) at
medium frequencies (58). In the low-frequency range, a
finite length effect (in the Z’-Z”plot) dominates the fre-
quency response. The low-frequency capacitance, CL, is
described by the equation:

Z} D 1
jvCLð Þ (7)

where the specific capacitance, CL, can be obtained from the
slope of Z” versus v¡1. v is the angular frequency which is
given by 2pf (59).

It is well known that the complex form of the capacitance is
frequency dependent, defined as follows (59):

C vð Þ D C0 vð Þ ¡ jC} vð Þ (8)

where C’(v) and C”(v) are the real and imaginary parts of the
complex capacitance C(v), respectively. At low frequency,
C’(v) corresponds to the capacitance of the electrode materials
and C”(v) is a function of the energy dissipation by irreversible
processes. Both capacitances are expressed as:

C0 vð Þ D ¡Z} vð Þ
v jZ vð Þ j 2 (9)

C} vð Þ D Z0 vð Þ
v jZ vð Þ j 2 (10)

From the Nyquist plots for the composites with a various
mass ratios, it was possible to determine the influence of the
particular components on the electrochemical properties of the
electrode materials. The Nyquist plots were recorded in the fre-
quency range between 0.1 and 105 Hz for all samples (Figure 6)
and fitted using Scheme 1. The plots were composed of a linear
segment at low frequencies and a semicircle at high frequencies
(see Figure 6). The semicircle is associated with electrode sur-
face properties and corresponds to the charge transfer resis-
tance (RCT) caused by the Faradaic reactions and the double
layer capacitance at the surface (CDL), that is a limiting factor
for the rate of the supercapacitor (58). Figure 6 shows

semicircle in the Nyquist plots of all CNO composites. A
smaller semicircle implies better electrode/electrolyte interfacial
ionic conductivity (60). The diameter of semicircle grows (Fig-
ures from 6b to d), when the inorganic content in the compo-
sites is increased. RCT values increases with higher inorganic
content. This suggests that the number of surface electrochemi-
cal reaction sites decreases with an increase in inorganic con-
tent. Excess of inorganic content blocks electrolyte ion
diffusion channels into electrodes, resulting in higher RCT

and lower CDL. The CDL value reaches a maximum for
CNO/Ni(OH)2 (1:1.5). Higher CNO ratios in the composites
enhanced the electrical conductivity and facilitated interfacial
charge transfer at the electrode (Table 3). Furthermore, the
composite electrodes containing CNOs exhibited improved
durability.

The capacitive charge storage of the composites has contribu-
tions from both faradaic and double-layer effects. The separation
of these effects was possible by applying different model to the
EIS results. An equivalent circuit was used to fit the impedance
spectra for the composites (Scheme 1). The values of the equiva-
lent circuit parameters used for the simulations are collected in
Table 3. Experimental impedance plots for the different hybrid
materials were fitted well by the simulations with this equivalent
circuit (see Figure 6). The solid curves represent the simulated
Z’--Z” responses. The equivalent series resistance (ESR) of the
circuit included: a solution resistance (RS), a charge transfer resis-
tance (RCT) for electron transfer at the electrode/electrolyte

Figure 6. Nyquists plots (¢¢¢) and data fits using the equivalent circuit shown in
Scheme 1 (—) in 1 M KOH for the GC electrode covered with (1) Ni(OH)2, (2) CNO/
Ni(OH)2 (1:1.5), (3) CNO/Ni(OH)2 (1:3), (4) CNO/Ni(OH)2 (1:4) at the potential of
anodic peaks. Frequency was in the range of 100 kHz to 0.1 Hz, in a three-electrode
system.

Scheme 1. The equivalent circuit used for fitting the EIS spectra.
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interfaces, internal resistance of the CNO/Ni(OH)2 composites
(Rint), a double-layer capacitance (CDL) due to the carbon com-
ponent, and a faradaic capacitive behavior (CF). A Warburg dif-
fusion element (ZW) due to diffusion of the ions to the electrode/
electrolyte was also included (61, 62).

At low frequencies (1–0.01 Hz), the real part of the imped-
ance reaches its limiting value. The Nyquist plot of a perfect
capacitor with ideally polarizable electrodes should exhibit a
straight line parallel to the imaginary axis (60). The n parame-
ter is connected with CDL. This parameter is close to unity for
an ideal capacitor (an electrode with rough and porous elec-
trode) and n � 1 for materials containing a redox component
(63). The n parameter with values between 0.60 and 0.75 is
characteristic for redox materials of composite electrodes (63).
At higher frequencies, the changes of the phase angle are
related to the faradaic processes of the electron transfer at the
composite/electrode interphases. This region is correlated with
a diffusion limit at the electrode. The Warburg coefficient, s,
can be determined from the Equation:

ZW D 2
v

� �16 2
s (11)

where, ZW is the total impedance and v is the angular fre-
quency (v D 2pf). The Warburg coefficients (s) were deter-
mined in the range between 0.82 and 3.16 kV s¡1/2 for the
CNO/Ni(OH)2 composites. Another important parameter for
electrode materials is the knee frequency (Figure 6). A high
knee frequency is typical for high power capacitors (62). The
knee frequency is defined as the value at which the lowest imag-
inary impedance is found or the frequency value at which the
impedance starts to be dominated by its imaginary part (61).
The studied composites had knee frequencies in the range
between 65.51 and 9.10 Hz.

The capacitive properties depend on the total mass of the
composites and on the mass of the inorganic components. The
CS values were evaluated from the semicircle in the EIS spectra,
which represent the sum of the redox reactions (Ni2C/Ni3C)
capacitance (CF) and the electrical double layer capacitance
(CDL). The highest specific capacitance was found to be 1120 F
g¡1 for CNO/Ni(OH)2 (1:4).

4. Conclusions

We have shown that carbon nano-onion composites with inor-
ganic materials, such as Ni(OH)2 or NiO, can be easily pre-
pared. CNOs improve the composite film properties,
promoting faradaic reactions, thus resulting in higher capaci-
tances and better stabilities than pristine Ni(OH)2 or NiO. The

electrochemical performance of the composites is largely
affected by the mass of the inorganic components, the mor-
phology, the crystal phases of the inorganic component and the
distribution of the Ni(OH)2/NiO phase. The combination of
CNOs with inorganic components results in homogeneous
composites with long-term cycling stability due to the presence
of the carbon nanoparticles. The CNO/Ni(OH)2 composites
exhibited high capacitance ca. 1120 F g¡1 for thin films pre-
pared by drop-coating. The CNO/Ni(OH)2 electrodes exhibit
also long-term cycling stability within 1.3 voltage range. Com-
bination of the two types of materials improved the capacitive
properties. These composites result in effective hybrid capaci-
tive devices.
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