ISSN 1998-0124
605
CN 11-5974/O4

Nano Res.
Res. 2012,
2012, 5(9):
5(9): 605–617
605–617
Nano
DOI 10.1007/s12274-012-0246-X
Research Article

Graphene–Nickel Cobaltite Nanocomposite Asymmetrical
Supercapacitor with Commercial Level Mass Loading
Huanlei Wang1,2, Chris M. B. Holt1,2, Zhi Li1,2 (), Xuehai Tan1,2, Babak Shalchi Amirkhiz1,2, Zhanwei Xu1,2,
Brian C. Olsen1,2, Tyler Stephenson1,2, and David Mitlin1,2 ()
1
2

Chemical and Materials Engineering, University of Alberta, Edmonton, Alberta T6G 2V4, Canada
National Institute for Nanotechnology (NINT), National Research Council of Canada, Edmonton, Alberta T6G 2M9, Canada

Received: 23 June 2012 / Accepted: 15 July 2012
© Tsinghua University Press and Springer-Verlag Berlin Heidelberg 2012

ABSTRACT
A high performance asymmetric electrochemical supercapacitor with a mass loading of 10 mg·cm–2 on each
planar electrode has been fabricated by using a graphene–nickel cobaltite nanocomposite (GNCC) as a positive
electrode and commercial activated carbon (AC) as a negative electrode. Due to the rich number of faradaic
reactions on the nickel cobaltite, the GNCC positive electrode shows significantly higher capacitance (618 F·g–1)
than graphene–Co3O4 (340 F∙g–1) and graphene–NiO (375 F∙g–1) nanocomposites synthesized under identical
conditions. More importantly, graphene greatly enhances the conductivity of nickel cobaltite and allows the
positive electrode to charge/discharge at scan rates similar to commercial AC negative electrodes. This improves
both the energy density and power density of the asymmetric cell. The asymmetric cell composed of 10 mg
GNCC and 30 mg AC displayed an energy density in the range of 19.5 Wh∙kg–1 with an operational voltage of
1.4 V. At high sweep rate, the system is capable of delivering an energy density of 7.6 Wh∙kg–1 at a power density
of about 5600 W∙kg–1. Cycling results demonstrate that the capacitance of the cell increases to 116% of the
original value after the first 1600 cycles due to a progressive activation of the electrode, and maintains 102% of
the initial value after 10000 cycles.
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1. Introduction
An electrochemical capacitor, also known as a
supercapacitor or an ultracapacitor, stores energy
via near-surface ion adsorption, with an additional
possible contribution from fast reversible Faradic
reactions [1–4]. Such devices can fill the gap between
batteries and conventional solid state and electrolytic
capacitors, providing a much higher power density and
longer cycle life than the former, and a much higher

energy density than the latter. High performance
electrochemical capacitors are very important for
electric vehicles and hybrid electric vehicles. Although
high power uptake (~10 to 104 W∙kg–1) can be achieved
for electrochemical capacitors, their energy density
(~0.2 to 10 Wh∙kg–1) is significantly lower than those
of batteries (~10 to 200 Wh∙kg–1) [5]. Therefore, a key
goal for the development of electrochemical capacitors
is to improve their energy density while maintaining
high power density and long cycle life. According to
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the following equation E = 0.5∙C∙V 2, where E is the
energy density, C is the capacitance of electrochemical
capacitor, and V is the cell voltage, the energy density
of an electrochemical capacitor can be enhanced by
either maximizing the specific capacitance or increasing
the cell voltage [6]. A promising way to improve the cell
voltage in aqueous-based electrochemical capacitors
is to use asymmetric electrodes, where the oxygen
evolution reaction on the oxide-based positive electrode
is suppressed [7, 8].
Recently, considerable research efforts have been
devoted to various asymmetric electrochemical
capacitor systems [9–12]. Carbon materials are
widely utilized for negative electrodes in asymmetric
electrochemical capacitors due to their high surface
area, high conductivity and stable physical and
chemical properties. Porous carbons with high
surface area and interconnected pore structure can
be beneficial for charge accumulation and ion
transportation, resulting in enhanced energy density
and excellent rate capability [13–16]. Metal oxide
materials are suitable for pseudocapacitive electrodes
in asymmetric systems. Among them, RuO2 is the
most prominent material due to its high electrical conductivity and high specific capacitance [17], however,
the high cost of Ru is a limitation for practical
application. Less expensive oxides and nitrides have
been extensively utilized for capacitors [18–22]. The
charge storage mechanism of these metal oxides is
based on fast redox reactions occurring on the
electrode/electrolyte surface. Since the electrical
conductivity of most metal oxides is poor, using
carbon–metal oxide composites is a common and
promising way to increase the conductivity and
further improve the power density [23–25].
Graphene is considered an attractive electrode
material due to its superior electrical conductivity,
high theoretical surface area, and good electrochemical
stability [26–28]. Graphene-based composites with
metal oxides or conducting polymer have been
successfully synthesized for supercapacitors [29–31].
These and similar studies demonstrated that graphene
possesses a dual role, to disperse metal oxide or polymer at the nanoscale and to act as a highly conductive
matrix for enhancing the electrical conductivity of the
electrode. Recently there have been some promising
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studies on the graphene–NiO, and graphene–Co3O4
systems [32–34]. In binary nickel cobaltite (NiCo2O4),
the co-existence of nickel and cobalt ions can offer a
richer variety of redox reactions, resulting in enhanced
electrochemical performance relative to NiO or Co3O4
[35, 36]. Despite the promise for excellent electrochemical performance, to date little work has been
done in combining NiCo2O4 with graphene at the
nanoscale. In the only previous study [37] the authors
exfoliated layered double hydroxides and graphene
oxide resulting in a heteroassembly of oppositely
charged nanosheets, followed by co-reduction.
However, this process is complicated. The approach
utilized in our study is a facile hydrothermal process
consisting of 100 °C solution treatment of precursors
and commercial graphene nanoplatelets followed by
low temperature calcination in air. The obtained
graphene–nickel cobaltite composite can be charged/
discharged at high scan rates with high reversibility.
There are only a limited number of studies that have
treated graphene-based asymmetric capacitors. Hybrid
graphene–MnO 2 nanowire composite//graphene,
graphene–RuO2//graphene–polyaniline, graphene–
Ni(OH) 2 //graphene–RuO 2 , and graphene–MnO2 //
activated carbon asymmetric capacitors have been
developed. Although high energy density is achieved
in these studies, the cyclability could be further
improved [9, 30, 38, 39].
Herein we fabricate a novel asymmetric capacitor
based on a graphene–nickel cobaltite nanocomposite
positive electrode, and a commercial activated carbon
negative electrode. There are several unique aspects
in this work: first, despite its significant promise compared with the extensively studied graphene–metal
oxide combinations, the graphene–nickel cobaltite
(NiCo2O4) nanocomposite remains poorly explored.
Second, we demonstrate a uniquely favorable
electrical conductivity and cycling lifetime that is
accomplished by combining the nickel cobaltite
with graphene at the nanoscale. While a high energy
density is achievable in an unsupported oxide, it is
almost always at the expense of the device power
density due to the high equivalent series resistance of
the electrode. To paraphrase Conway et al., by
introducing a “high-capacity” oxide-based electrode,
researchers inevitably transform good supercapacitors
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into mediocre batteries [1]. We show that by incorporating a nanodispersed skeleton of graphene into
the oxide, a high electrical conductivity is maintained
even for very thick electrodes. This allows for power
density–energy density combinations that are among
the best reported for an aqueous electrolyte-based
device (5600 W∙kg–1 at 7.6 Wh∙kg–1). Furthermore the
graphene skeleton completely prevents cycling-induced
degradation: after 10000 cycles the capacitance of the
cell is actually 102% of the initial value. Such stability
is quite rare in any oxide-based system.
Due to the poor electrical conductivity of metal
oxides, their specific capacitances are very sensitive
to the mass of active material and thickness of the
electrode. Exaggerated specific capacitances can be
obtained when using extremely thin or low mass
loadings and these decrease quickly with electrode
thickness [40]. To increase the geometric surface area
mass loadings, researchers have typically coated a
thin layer of electroactive materials onto highly porous
three-dimensional (3-D) substrates, such as Ni foams
or carbon cloths that are millimeters in thickness [20,
41, 42]. This technique works well for applications
where the geometric surface area of an electrode is the
main consideration rather than the mass. However,
this approach is not the best choice to make real
supercapacitors since those substrates significantly
increase the dead mass of an electrode. It has been
recently demonstrated that to obtain realistic capacitance values electrode materials should be tested in
a similar manner to a commercial electrode, with a
mass loading on the order of 10 mg∙cm–2 [43, 44].
To meet this key requirement we fabricated an
asymmetric cell employing an active material mass
loading per real surface area of 10 mg∙cm–2. This is the
third unique aspect of this study, and is attributable
to the role of the graphene network in maintaining
high electrical conductivity even at commercial-level
electrode mass loadings.

Tubes Inc. They were designated “Grade 3”, having
an average thickness of less than 8 nm and a surface
area of 670 m2∙g–1. The platelets were treated with
concentrated HNO 3 for 20 h. The acid-treated
graphene material (0.1 g) was dispersed in 100 mL
of deionized water, followed by the addition of
hexadecyltrimethylammonium bromide (CTAB, 1 g),
urea, nickel nitrate hexahydrate, and cobalt chloride
hexahydrate. The molar ratio of Ni2+:Co2+:urea was
1:2:45. The mixture was transferred into a sealed
container and treated under sonication for 1 h. After
sonication, the solution was heated to 100 °C under
stirring for 6 h. The resulting precursor was collected
and washed with deionized water, and dried at 100 °C
in an oven. Afterward, the dried sample was calcined
at 250 °C or 350 °C for 3 h in air.
2.2

X-ray diffraction (XRD) analysis was performed using
a Bruker AXS D8 Discover diffractometer with Cu Kα
radiation. Transmission electron microscopy (TEM)
analysis was performed using a JEOL JEM-2010 transmission electron microscope with an accelerating
voltage of 200 kV. Scanning electron microscopy (SEM)
analysis was conducted using a Hitachi S-4800 field
emission scanning microscope. X-ray photoelectron
spectroscopy (XPS) analysis was performed using
an Axis Ultra spectrometer with a base pressure of
5 × 10–10 Torr. The specific surface area and pore
structure were investigated using a Quantachrome
Instrument using nitrogen as the adsorbate at 77 K.
The specific surface area was calculated by the
Brunauer–Emmett–Teller (BET) method in the relative
pressure range of 0.05–0.30. Total pore volume was
calculated at relative pressure P/Po = 0.98. The pore
size distributions were evaluated by using quenchedsolid density functional theory, assuming slit-shaped
geometry.
2.3

2. Experimental
2.1 Preparation of graphene–nickel cobaltite
composite
Graphene nanoplatelets were purchased from Cheap

Characterization techniques

Electrochemical measurements

For electrochemical tests, the electrodes were prepared
by mechanically mixing the active material, carbon
black (super P), and poly(vinylidenedifluoride) in a
75:15:10 mass ratio to obtain a viscous slurry. The
thick semi-solid slurry was screen printed onto the
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surface of nickel foam current collector and dried at
100 °C overnight. The process utilized was analogous
to the conventional planar battery electrode fabrication.
The paste was sufficiently viscous as not to coat
the Ni foam, rather sinking in only deep enough to
promote good mechanical adhesion. After deposition
and baking, the active layer very much retained
its planar “battery-like” geometry. When the mass
loadings employed were 10 mg∙cm–2, we found that a
second Ni foam layer was necessary to avoid the
separation of the active material from the current
collector. In that case we mechanically sandwiched
the electrode between two foam layers.
A solartron 1470E Multichannel Potentiostat/Cell
Test System was used for cyclic voltammetry and
galvanostatic charge–discharge measurements. Testing
of the individual electrodes was performed in a threeelectrode configuration in a 6 mol/L KOH electrolyte.
A Pt wire and saturated calomel electrode (SCE) were
used as counter and reference electrodes. The cyclic
voltammetry (CV) curves were recorded at scan rate
from 5 to 200 mV∙s–1. The electrochemical tests of
asymmetric and symmetric capacitors were performed
in a two-electrode cell. The charging/discharging
curves were recorded at the current density from
0.5 to 30 A∙g–1. The current densities were calculated
based on the mass of the positive electrode. The
electrochemical impedance spectra were also recorded
from 100 kHz to 0.1 Hz at open circuit potential with
an ac perturbation of 5 mV.

3. Results and discussion
3.1

Graphene–nickel cobaltite composite electrode

For the synthesis of positive electrode materials,
Ni(NO3)2 and CoCl2 precursors were hydrolyzed in
an acid-treated commercial graphene nanoplatelet
(TEM images of acid-treated graphene are shown in
Fig. S-1 (in the Electronic Supplementary Material
(ESM)) suspension in the presence of urea at 100 °C. It
is important to note that the C/O ratios measured by
XPS for graphene before and after HNO3 treatment
were 15.6 and 8.3, respectively (Fig. S-2 (in the ESM)),
indicating that the acid treatment process introduces
hydrophilic functional groups (–COOH, –C=O, and

–OH) at the surface of graphene [45, 46]. During
hydrolysis, urea releases hydroxyl ions slowly and
uniformly in the suspension, resulting in precipitation
of hydroxides. The hydrophilic functional groups on
the acid-treated graphene act as anchoring sites for
the precipitates. Subsequent calcination in air converts
the hydroxides into metal oxides. In the remainder of
the manuscript, we term the composites as graphene–
nickel cobaltite nanocomposite–T (GNCC-T), with T
designating the calcination temperature. The crystal
structure of the samples was characterized by using
XRD (Fig. 1(a)). In the GNCC-350 all the diffraction
peaks can be assigned to spinel NiCo2O4 except for
the peak of graphene at about 2θ = 26.5. For the case
of GNCC-250, some NiO is also present, which
would necessitate the formation of Co3O4. NiCo2O4
and Co3O4 are isostructural, so it is difficult to
distinguish between the two phases based on XRD
analysis [47]. Therefore, all three phases may coexist
in the GNCC-250 specimen.
X-ray photoelectron spectra were recorded to
illustrate the near-surface composition and chemical
states of the species in the as-synthesized GNCC
samples. The Ni 2p and Co 2p spectra of GNCC-250
and GNCC-350 materials are displayed in Fig. 1(b).
The Co 2p spectrum consists of two spin-orbit split
peaks (i.e., 2p3/2 at ~780 eV and 2p1/2 at ~795 eV) and
three shake-up satellites (as indicated by arrows in
Fig. 1(b)), in accordance with data reported in the
Refs. [48–50]. It is difficult to determine the oxidation
state merely based on the two main peaks. However,
it is generally accepted that the satellite peaks are
closely related to the oxidation state of Co cations.
The two satellite peaks are located at about 6 eV
and 10 eV above the Co 2p3/2 main peak. The former
satellite peak is related to Co2+ species while the latter
peak is related to Co3+ species [48, 49]. We can therefore
conclude that both Co2+ and Co3+ species are present
in GNCC samples. The former satellite peak is more
obvious in GNCC-250 than in GNCC-350, providing
qualitative confirmation of the presence of Co3O4. As
for the Ni 2p spectrum, there are also two spin-orbit
splitting peaks (2p3/2 at ~855 eV and 2p1/2 at ~872 eV)
and two satellites peaks, indicating the presence of
both Ni2+ and Ni3+ species [48, 49]. The Ni/Co atomic
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Figure 1 (a) XRD patterns of GNCC samples. (b) Co 2p and Ni 2p XPS spectra of GNCC-250 and GNCC-350, where the arrows
denote positions of satellite peaks. (c) Nitrogen adsorption–desorption isotherms and (d) slit-pore pore size distributions of GNCC-250
and GNCC-350 materials

ratio obtained from XPS was 0.84 for GNCC-250,
and 0.79 for GNCC-350, highlighting a Ni surface
enrichment. As discussed previously, when Ni/Co ≠ 0.5
a charge balance may be achieved either by changing
the oxidation states of Ni/Co surface cations, or by
substituting surface O2– by hydroxyl groups [48]. XPS
analysis highlights the different cation distribution
on the surface versus in the bulk. It also provides
evidence that there are many cation and oxygen defects
in the samples.
The nitrogen adsorption–desorption isotherms and
corresponding pore size distributions calculated
by using quenched-solid density functional theory
for GNCC samples are shown in Fig. 1(c). Type Ⅳ
isotherms with hysteresis loops can be seen, and the
nitrogen sorption isotherms are similar in appearance
to each other. The progressively increasing slope at
a relative pressure above roughly 0.6 reflects the
capillary condensation of gas in the mesopores. The
adsorption of nitrogen increases rapidly at relative
pressure close to unity, indicating the presence of

large interparticle voids. The BET surface areas of
GNCC-250 and GNCC-350 are calculated to be 71
and 55 m2∙g–1, respectively. The total pore volumes of
GNCC-250 and GNCC-350 are 0.26 and 0.23 cm3·g–1.
The pore size distribution curves of these two samples
are also shown in Fig. 1(d). Both GNCC-250 and
GNCC-350 possess small (< 10 nm) and large (> 10 nm)
mesopores. However as can be seen from Fig. 1(d), the
sample synthesized at 250 °C possesses a significantly
higher fraction of sub-4 nm mesopores. The porosity
is a known consequence of mass loss and volume
shrinkage during thermal decomposition. The higher
surface area of the GNCC-250 is therefore largely
attributable to the finer pore dimensions and a higher
total pore volume.
SEM and TEM techniques were employed to
investigate the morphology and structure of GNCC
samples. Figures 2(a) and 2(b) demonstrate that the
electrode morphology consists of needle-like metal
oxide nanowires interconnected with a graphene
network. The morphology of the nanowires was finer
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Figure 2 SEM micrographs and high magnification images (inset) of (a) GNCC-250 and (b) GNCC-350 samples. Bright field, dark
field and high-resolution TEM images of (c)–(e) GNCC-250 and (f)–(h) GNCC-350 materials

for the specimens synthesized at 250 °C. Additional
SEM analysis (Fig. S-3 (in the ESM)) further confirms
the intimate contact between graphene and the nickel
cobaltite nanowires. TEM analysis, shown in Figs. 2(c)–
2(h), reveals that the nanowires consist of domains of
oxide nanocrystallites. As is known from previous
studies on hydrothermal synthesis of cobalt-based
oxides, the nanowire precursor is an oriented single
crystal [20, 36, 51, 52]. After the thermal decomposition,
it can be observed that GNCC-250 exhibits better
crystalline continuity from the selected-area electron
diffraction pattern, which is a result of the lower
calcination temperature. The mean crystallite size was
calculated from the experimental XRD patterns using
the well-known Scherrer equation. For GNCC-250 and
GNCC-350 the average crystallite dimensions were

9.4 and 10.1 nm, respectively. These values agree
with the scale of the crystallites imaged in dark field
TEM. The higher calcination temperature coarsens the
microstructure, resulting in a lower surface area and
larger pore diameters.
To evaluate the electrochemical properties of the
as-prepared GNCC materials, CV measurements were
performed in a 6 mol/L KOH aqueous solution using
a three-electrode system. Figure 3(a) shows the CV
curves of GNCC-250 and GNCC-350, at a scan rate of
5 mV∙s–1. Two sets of redox peaks were observed,
which reveals that the capacitive characteristic arises
mainly from pseudocapacitance. These peaks are
responsible for the measured pseudocapacitance. For
comparison purposes, graphene–Co3O4 composite
(labeled as GCC-350) and graphene–NiO composite
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Figure 3 (a) CV curves of graphene–metal oxide composite at the scan rate of 5 mV·s–1. (b) CV curves of GNCC-250 at different scan
rates. (c) CV curves of GNCC-350 at different scan rates. (d) Variation of the capacitance of graphene–metal oxide composite with the
increase of scan rate

(named as GNC-350) were synthesized via the identical
method as for GNCC-350. The CV curves of GCC-350
and GNC-350 are also shown in Fig. 3(a). GCC-350
and GNC-350 also exhibit two pairs of peaks at low
scan rate, which can, in part, be due to the presence of
oxygen-containing graphene [37]. As compared with
those of GNCC-250 and GNCC-350, the CVs of nickel
and cobalt oxide display much lower enclosed area
corresponding to much lower capacitance. Figures
3(b) and 3(c) display the CV curves of GNCC-250 and
GNCC-350 at scan rates from 5 to 200 mV·s–1. At the
high scan rates, both electrodes display a single highly
broadened oxidation peak. The breadth of the peak is
related to the combination of Co2+/Co3+ and Ni2+/Ni3+
transitions, which do not occur at the same potentials.
Increasing scan rate causes a positive shift of the anodic
peaks and a negative shift of the cathodic peak. This
rate-dependent overpotential is mainly due to the
resistance of the electrode. At high scan rates, such as
at 200 mV·s–1, the CV curves for the binary oxide are
less distorted than those of either oxide [20, 42, 53].

The specific capacitance (Cs) of the electrode was
calculated from CV curves according to

Cs 

 IdV

2  mV

where I is the current (A), V is the potential, ΔV is the
potential difference during scan, μ is the scan rate,
and m is the mass of the active material. Figure 3(d)
displays the specific capacitance of GNCC-250 and
GNCC-350 at different scan rates. The average specific
capacitance of GNCC-250 was calculated to be 618 F∙g–1
at a scan rate of 5 mV∙s–1, 475 F∙g–1 at a scan rate of
50 mV∙s–1, and 331 F∙g–1 at a scan rate of 200 mV∙s–1.
The GNCC-350 electrode demonstrated a specific
capacitance of 510 F∙g–1 at a scan rate of 5 mV∙s–1,
382 F∙g–1 at a scan rate of 50 mV∙s–1, and 288 F∙g–1 at a
scan rate of 200 mV∙s–1. The percentage of carbon
in GNCC-250 and GNCC-350 is about 22–25 wt%, as
calculated from the XPS data. Based on the mass of
metal oxide, the specific capacitance of GNCC-250
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and GNCC-350 can reach to 792 F∙g–1 and 690 F∙g–1. It
is critical to point out that while a higher specific
capacitance has been previously reported in the
Ref. for nickel cobaltite [35], the mass loading utilized
there was more than an order of magnitude lower
(0.4 mg∙cm–2). Given the near commercial-level of
electrode mass loading employed in the current study
(10 mg∙cm–2), these specific capacitance values are very
favorable.
3.2

Asymmetric electrochemical capacitor

To further evaluate the graphene–nickel cobaltite
composite for real device application, we fabricated
asymmetric capacitors using GNCC-250 and a
commercially available activated carbon (labeled as
activated carbon (AC), NoritTM, surface area: 1930 m2∙g–1,
pore volume: 1.17 cm3∙g–1) as positive and negative
electrodes with a high mass loading of 10 mg∙cm–2.
The SEM image, nitrogen sorption isotherm, and CV
curves of activated carbon at the scan rate from 5 to
200 mV∙s–1 are displayed in Figs. S-4–S-6 (in the ESM).
The specific capacitance of activated carbon is 171 F∙g–1
at a scan rate of 5 mV∙s–1, with a capacity retention
ratio of 64% at 200 mV∙s–1, showing the fast iontransport characteristic of electric double-layer storage.
Based on the electrochemical analysis of GNCC-250
and AC electrodes, it is expected that the operating
cell voltage of an asymmetric capacitor could be
extended to 1.4 V, if the cell voltage can be expressed
as the sum of the potential range for GNCC-250 and
AC materials. We used different mass ratios of positive
and negative electrodes (MGNCC-250:MAC = 1:1, 1:2, 1:3,
and 1:4) to evaluate the electrochemical performance
of these asymmetric capacitors.
Figure 4(a) shows the CV data for the asymmetric
electrochemical capacitor with different mass ratios,
at a scan rate of 5 mV∙s–1. With a mass ratio of 1:1, the
fabricated asymmetric capacitor exhibits reasonable
capacitive behavior with a quasi-rectangular CV curve.
However with increasing mass ratios the device
capacitance is greatly enhanced. At the high scan rate
of 100 mV∙s–1, the CV curve is only slightly distorted
(Fig. 4(b)), which demonstrates the desirable fast
charging/discharging characteristic of the devices.
To further evaluate the performance of the cell,
galvanostatic charge–discharge testing was measured

at various current densities. Figure 4(c) shows the
charge–discharge curves of the asymmetric capacitor
with different mass ratios, at a current density of
1 A∙g–1. It can be seen that the discharge curve is
symmetric with its corresponding charge counterpart,
demonstrating excellent electrochemical reversibility
and good coulombic efficiency. The specific capacitance
(Cc) was evaluated from charging/discharging curves
according to [8]
Cc 

I t  1
1 



V  m m 

where I is the current (A), Δt is the discharging time,
ΔV is the voltage after IR drop, and m+ and m– is the
mass of positive electrode and negative electrode.
The specific capacitance of the asymmetric capacitor
operated with different mass ratios is plotted in
Fig. 4(d). The specific capacitance of the asymmetric
capacitor increased with increasing mass ratio, up to
a ratio of 1:3, remaining stable after that. This indicates
that further increasing the mass of the activated
carbon is not helpful, since the positive electrode now
becomes the limitation. Overall the best combination
of capacitance and rate capability is found with a mass
ratio of 1:3. The calculated specific capacitance of the
asymmetric capacitor with mass ratio of 1:3 is 288 F∙g–1
at 0.5 A∙g–1, and 173 F∙g–1 at 30 A∙g–1, demonstrating an
excellent capacity retention ratio of 60%.
Ragone plots relating the energy density to the power
density are an efficient way to evaluate the performance of electrochemical capacitors. To demonstrate
the operational characteristics, the energy density
(E) and power density (P) were calculated from
the galvanostatic charge–discharge curves (Fig. 4(e))
according to the following equations [8, 9]
E 

1
1
CV 2  MCc V 2
2
8
E
P 
t

where V is the voltage of the capacitor after IR drop, t
is the discharge time, M is the total mass of positive and
negative electrode, and C is the total capacitance of
the asymmetric capacitor (Cc = 4C/M). For comparison,
we also fabricated two-electrode GNCC//GNCC and
AC//AC symmetric capacitors with mass ratio of 1:1.
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Figure 4 (a) Cyclic voltammograms of the GNCC//AC asymmetric capacitor with different mass ratios recorded at 5 mV·s–1. (b) Cyclic
voltammograms of the GNCC//AC asymmetric capacitor with different mass ratios recorded at 100 mV·s–1. (c) Galvanostatic charging–
discharging profiles of the asymmetric capacitor with different mass ratios at 1 A·g–1. (d) Variation of the capacitance of the asymmetric
capacitor operated at different mass ratios with the increase of current density. (e) Ragone plots related to energy density and power
density of GNCC//AC asymmetric capacitor with various mass ratios, GNCC//GNCC and AC//AC symmetric capacitors. (f) Capacitance
retention versus cycle number at 10 A·g–1

These capacitors were tested in the voltage range
between 0 and 1.0 V. The GNCC//GNCC symmetric
capacitor only exhibited a very low energy density
of 1.07 Wh∙kg–1. Although GNCC showed excellent
electrochemical performance in a three-electrode
system, its performance in the two-electrode configuration was inferior. This is likely due to the

matching problem caused by employing the same
metal oxide electrode with a narrow electrochemical
window. It is clear to see that the energy–power
density curve of asymmetric capacitor with mass ratio
of 1:2, 1:3, and 1:4 is as flat as AC//AC symmetric
capacitor, indicating that the asymmetric capacitor
can deliver high power comparable to porous carbon
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materials. This opens the way for high-rate performance
supercapacitors by using metal oxides as electrodes.
Take the asymmetric capacitor with mass ratio of 1:3
as an example; our asymmetric capacitor can reach an
energy density of about 19.5 Wh∙kg–1, and is capable of
delivering a reasonable energy density of 7.57 Wh∙kg–1
and a high power density of about 5600 W∙kg–1 at the
current density of 30 A∙g–1.
Extended electrochemical cycling life is a critical
requirement for supercapacitor devices. Cycling
performance of the GNCC//AC asymmetric capacitor
with high mass loading operated at 1.4 V was evaluated
using galvanostatic charge/discharge cycling at 10 A∙g–1
over 10000 cycles. The cycling stability is presented in
Fig. 4(f). The specific capacitance showed a decrease
after the initial 100 cycles (retaining 97% of its initial
capacitance), which can be attributed to pulverization
and wettability issues [54]. Subsequent cycling actually
caused an increase in the capacitance up to 1600
cycles. This is likely related to a cycling-induced
improvement in the surface wetting of the electrode,
leading to more electroactive surface area. After
10000 cycles the asymmetric capacitor demonstrates
outstanding cycling stability, showing no capacitance
fade from its initial value (the capacitance actually
improved to 102% of its initial value). This would be a
positive result for a faradaic-based system at any mass
loading, but is especially promising for the electrode
configuration explored here.
Electrochemical impedance spectroscopy analysis
was performed on the asymmetric capacitor after the
1st, 2000th, and 10000th cycle, in the frequency range
of 100 kHz–0.1 Hz. The Nyquist plots are presented
in Fig. S-7 (in the ESM). At very high frequencies, the
real axis intercept represents the sum of the ionic
resistance of electrolyte, the active material resistance,
and the contact resistance of the interface between
active material and current collector [9]. This equivalent series resistance (ESR) of the electrodes stays
remarkably low throughout voltage cycling. The ESR
values were 0.63, 0.34, and 0.30 Ω after the 1st, 2000th,
and 10000th cycle. As will be discussed shortly, we
attribute such low ESR values to the presence of the
highly electrically conductive graphene “skeleton”.
The semicircle in the high-frequency range is due
to the charge-transfer resistance. The charge transfer
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resistances were increased, being 0.40, 0.52, and 2.52 Ω
after the 1st, 2000th, and 10000th cycle, which is
probably due to the corrosion of the current collector
caused by the dissolved oxygen in electrolyte and the
enhanced pseudocapacitance [9]. The most significant
difference could be found in the low-frequency range,
with the length of the 45° Warburg segment increasing
with cycling. This is generally attributed to a progressive increase in the diffusional resistance faced by the
electrolyte ions. This in turn may be related to cyclinginduced changes in the pore structure of either
electrode, with the interconnected porosity becoming
more tortuous.
The superior cycling stability and high energy–
power densities of the 10 mg∙cm–2 loaded GNCC//AC
asymmetric capacitor may be ascribed to several
electrode design and microstructural factors. During
charging/discharging cycling, faradaic electrodes tend
to degrade by microstructural agglomeration. This
leads to progressively lower electroactive surface
areas and higher equivalent series resistances. Our
hypothesis is that the remarkable cycling stability of
the GNCC electrode is due to its nanoscale graphene
“skeleton” that continues to provide a high-conductivity
electrical path while anchoring the microstructure
and reducing the rate of coarsening. The densely
dispersed graphene sheets in the nanocomposite serve
as highly electrically conductive paths within the
microstructure, reducing the overall internal resistance
of the thick electrodes. This not only promotes
enhanced cycling stability, but also the favorable
rate capability and the high power density. Since the
graphene “skeleton” is essentially the same in GNCC,
GCC, and GNC specimens, they all possess similarly
excellent scan-rate dependent capacity retention.
The energy density of electrochemical capacitors
is proportional to the square of the cell voltage.
Therefore the enhancement in the energy density of
an asymmetric device is first of all due to the enlarged
operation voltage window as compared to the
symmetric GNCC//GNCC and AC//AC capacitors.
By employing a mixed oxide, with multiple oxidation
states, the GNCC electrode pseudocapacitance is
maximized. A key attribute leading to the high specific
capacitance of GNCC electrodes are multiple redox
reactions in NiCo2O4 [35], as opposed to a single
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redox reaction expected for Co3O4 or NiO within the
voltage range of testing. Mixed oxides are also known
to possess improved electrical conductivity relative
to their binary counterparts [35]. Another key feature
is the nanoscale crystallite size combined with the high
levels of mesoporosity, especially in the GNCC-250
electrode. The large volume of mesopores will provide
ample surface area for the redox reactions, while
allowing facile electrolyte access. Moreover, the
nanoscale crystallite and aggregate dimensions of the
nickel cobaltite will provide an abundance of faradic
reaction sites for the adsorbed ions. In the AC
electrode, electric double-layer is the main energy
storage mechanism, which is favorable for high power
and long cycle life. For asymmetric capacitors, it is
important not to change a good supercapacitor into a
mediocre battery due to the existence of a pseudocapacitive electrode [2]. The high rate capability of
both positive and negative electrodes ensures that our
asymmetric capacitor can achieve both high energy
density and power density. A combination of these
favorable characteristics allowed us to fabricate high
performance electrodes with a higher mass loading
than what is normally utilized in academic studies,
paving the way for the application of such advanced
materials in commercial devices.

4. Conclusions
We have created a high performance asymmetric
electrochemical supercapacitor with each planar
electrode being based on a mass loading of 10 mg∙cm–2
per real surface area. A graphene–nickel cobaltite
nanocomposite is utilized as a positive electrode,
and an activated carbon is employed as a negative
electrode. Even with such a high mass loading the
ultracapacitor exhibits favorable energy and power
densities, and 102% capacitance retention at over
10000 cycles. The capacitance of the positive electrode
was 618 F∙g–1 at 5 mV∙s–1 and 331 F∙g–1 at 200 mV∙s–1.
Electrodes consisting of graphene–Co3O4 or graphene–
NiO nanocomposites synthesized via identical
methods, yielded much inferior values of 340 and
375 F∙g–1, respectively. A two electrode asymmetric
capacitor based on GNCC and AC displayed an
energy density in the range of 19.5 Wh∙kg–1 when

operated at 1.4 V. When operated with a positive to
negative electrode mass ratio of 1:3, the system is
capable of delivering a power density of about
5600 W∙kg–1 at an energy density of 7.6 Wh∙kg–1.
This superior electrochemical performance of GNCC
is ascribed to several microstructural features
including the presence of a nanoscale graphene
network “skeleton” that maintains excellent electrical
conductivity of the electrode throughout cycling;
a rich number of faradaic reactions on the nickel
cobaltite; and a highly porous structure that improves
ion transport and maximizes the amount of electrolyteexposed surface.
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