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cobalt alloy nanoparticles
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supercapacitors†
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Metal oxides are a class of promising electrode materials for supercapacitors because of their high

theoretical energy density; however, the low electrical conductivity and instability of metal oxides limit

their large-scale practical applications. Here we report a facile and scalable method to synthesize

ultrafine nickel–cobalt alloy nanoparticles (5–10 nm) embedded into three-dimensional porous graphitic

carbon (3D Ni–Co@PGC) using NaCl as the template to create a porous structure and glucose as the

carbon source by pyrolysis treatment at 800 �C under N2 atmosphere. As an electrode material for

supercapacitors, the ultrafine Ni–Co alloy nanoparticles of 3D Ni–Co@PGC not only serve as current

collectors, but also their surfaces convert to corresponding metal oxides when exposed to an alkaline

electrolyte, responsible for redox reactions in pseudocapacitors, exhibiting high supercapacitor

performance. The results demonstrate that the supercapacitor assembled with 3D Ni–Co@PGC

electrodes shows high energy density (1091, 1064 and 1041 F g�1 at 1, 2 and 4 A g�1, respectively), long

cycling life and excellent rate capability at a high charge/discharge current. Furthermore, an asymmetric

supercapacitor assembled by using 3D Ni–Co@PGC as the positive electrode and active carbon as the

negative electrode shows a high energy density of 33.7 W h kg�1 and remarkable cycling stability (98%

capacitance retention over 4000 cycles). The superior performance of the 3D Ni–Co@PGC constructed

supercapacitor can be ascribed to its high surface area (265 m2 g�1), porous structure and excellent

electrical conductivity, favourable for the exposure of reaction active sites, redox-related mass transport

and electron transfer, respectively.
Introduction

Supercapacitors, as electrochemical energy storage and
conversion devices, have attracted considerable attention in
recent years due to their high power density, long life cycle
(>100 000 cycles), and rapid charging and discharging capa-
bility, making them the most promising candidates for next
generation energy storage devices.1,2 Generally, the electrode
materials for supercapacitors can be classied into two cate-
gories on the basis of the energy storage mechanism: electrical
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double layer capacitors (EDLCs) and pseudocapacitors.3 Many
capacitive materials have been predicted and developed, such
as carbon materials for EDLCs, and RuO2, MnO2, TiO2, NiO,
Ni(OH)2 et al. for pseudocapacitors.4 As we know, pseudocapa-
citors exhibit much larger capacitance values and energy
density than EDLCs because the electrode materials possess
a variety of reversible oxidation states for highly efficient redox
charge transfer.5,6 Among these electrode materials for pseu-
docapacitors, nickel and cobalt based oxides/hydroxides should
be a class of ideal electrode materials for large-scale applica-
tions in supercapacitors due to their remarkable advantages of
high theoretical capacitance, low cost and natural abun-
dance.7–9 Especially, the utilization of Ni, Co composite oxides/
hydroxides can synergistically improve the supercapacitors'
performance compared to the use of sole Ni or Co based elec-
trode materials, which has been addressed in the reported
studies.10,11 Unfortunately, their practical applications have
been hindered because of relatively low electrical conductivity
and poor cycle stability, especially at high charge/discharge
rates in electrochemical supercapacitors.12,13 Therefore, it is
This journal is © The Royal Society of Chemistry 2016
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highly desirable for developing low-cost and abundant nickel
and cobalt based supercapacitor electrode materials with high
energy density, superior electron transfer and mass transport.14

To overcome these aforementioned shortcomings,
a composite design with conductive reinforcements, such as
nanostructured carbon,15 conducting polymers,16 nanoporous
gold17 and metal nanoparticles,18–20 has been employed to
enhance the conductivity of pseudocapacitive metal oxide
materials. Compositing carbon with pseudocapacitive materials
can contribute to a higher capacitance, usually synergistically
coming from the high conductivity of carbon and the redox
reactions of the pseudocapacitive materials.21 Some studies
have demonstrated that metal oxides encapsulated into porous
carbon structures or grown on the conductive substrate can
enhance dramatically the performance of capacitors.22,23 Addi-
tionally, metal-oxide/metal composites with enhanced electrical
conductivity have been recently developed for maximizing the
transition metal oxide potential in supercapacitors.19,20 It is well
reported that three-dimensional (3D) porous carbon nano-
structures with large surface area and enhanced electrical
conductivity are ideal electrode material supports, favourable
for fast ion adsorption/de-adsorption.18,24,25 Consequently, it
should be feasible to incorporate ultrane metal-oxide/metal
nanoparticles into the 3D porous carbon structure to form
a high performance electrode material for supercapacitors.

Herein, we report a simple and scalable strategy for the
synthesis of ultrane Ni–Co alloy nanoparticles incorporated in
3D porous graphitic carbon (denoted as 3D Ni–Co@PGC) using
NaCl as the porous structure template and glucose as the
carbon source by a facile pyrolysis approach. As an electrode
material for supercapacitors, 3D Ni–Co@PGC possesses a large
surface area of 265 m2 g�1, porous structure and superior
electrical conductivity, thus affording high energy density, long
cycling stability and excellent rate capability at a high charge/
discharge current. For comparison, Ni–Co alloy nanoparticles
embedded into a 3D graphitic carbon structure (denoted as 3D
Ni–Co@GC) without the addition of NaCl in the pyrolysis
process was also synthesized and measured as the electrode
material for supercapacitors.
Experimental
Synthesis of a 3D Ni–Co@PGC composite

In a typical synthesis, 1.0 g CoCl2$6H2O (Sinopharm Chemical
Reagent), 1.0 g NiCl2$6H2O (Sinopharm Chemical Reagent),
1.0 g NaCl (Sinopharm Chemical Reagent) and 1.0 g glucose
(Sinopharm Chemical Reagent) were rst dissolved in 15 mL of
deionized water. The resultant solution was transferred into
a ceramic boat and dried at 60 �C for 10 h in an oven. The ob-
tained mixture was pyrolytically treated at 800 �C for 2 h under
an atmosphere of nitrogen. A black powder was obtained and
subsequently dispersed into 100 mL of deionized water under
stirring for 24 h to completely remove the residual NaCl in the
pyrolytic sample. Finally, the black powder product was washed
several times with deionized water and centrifuged to collect the
3D Ni–Co@PGC product for further use.
This journal is © The Royal Society of Chemistry 2016
Characterization

Powder X-ray diffraction (XRD) patterns of the samples were
recorded on a Philips X-Pert Pro X-ray diffractometer with Cu-Ka
radiation (1.5418 Å). Field emission scanning electron micros-
copy (FESEM) images of the samples were taken on a FESEM
(Quanta 200 FEG) operated at an accelerating voltage of 10.0 kV.
Transmission electron microscopy (TEM) images of the samples
were recorded by a high resolution TEM (JEOL2010), operated at
an acceleration voltage of 200 kV. The surface area and porosity of
samples were measured by a Surface Area and Porosity Analyzer
(Tristar 3020M). Raman spectra of the samples were recorded on
a LabRAM HR800 confocal microscope Raman system (Horiba
Jobin Yvon) using an Ar ion laser operating at 632 nm.
Electrochemical measurements

For electrochemical measurements, the working electrode was
fabricated by mixing active materials, conductive carbon black,
and poly(tetrauoroethylene) (PTFE) at a weight ratio of 8 : 1 : 1,
and then the mixture was coated onto a piece of nickel foam with
a geometrical area of 1.0 cm2, and pressed into a thin foil at
a pressure of 10.0MPa. The fabricated electrode was then dried at
60 �C overnight under vacuum conditions. Cyclic voltammetry
(CV) and capacitive performance measurements were conducted
using a CHI 660D electrochemical workstation (Shanghai Chen-
hua Instrument, Inc.) in an aqueous KOH electrolyte (6.0 M) with
a three-electrode cell. In this setup, the platinum wire served as
the counter electrode and an Hg/HgO electrode served as the
reference electrode. The mass loading of 3D Ni–Co@PGC on the
nickel foam was approximately 2.4 mg cm�2. The specic
capacitance was calculated based on the total mass of the active
material using the following formula:7,26

C ¼ IDt/(mDV)

where I is the discharge current, Dt is the discharge time, m is
the mass of the active material, and DV is the voltage window.
All the electrochemical measurements were performed at room
temperature. Electrochemical impedance spectrometry (EIS)
was measured using a CHI 660D electrochemical workstation at
a frequency ranging from 100 kHz to 10 mHz.

The asymmetric supercapacitors were fabricated with the 3D
Ni–Co@PGC as the positive electrode, active carbon (AC) as the
negative electrode, and a porous polymer membrane as the
separator. Also, the corresponding AC-based negative electrode
was prepared by mixing the AC, carbon black, and PTFE with
ethanol at a mass ratio of 80 : 10 : 10. Prior to the fabrication of
the asymmetric supercapacitor, the masses of the positive and
negative electrodes were balanced according to the following
equation:

mþ
m�

¼ C�DV�
CþDVþ

wherem is the mass, Cs is the specic capacitance, and DV is the
voltage range for positive (+) and negative (�) electrodes,
respectively. Energy density (E) and power density (P) can be
calculated as follows:
J. Mater. Chem. A, 2016, 4, 17080–17086 | 17081
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E ¼ 0.5CmDV
2

P ¼ E/Dt
Fig. 2 (a) XRD patterns and (b) Raman spectrum of 3DNi–Co@GC and
3D Ni–Co@PGC composites, (c) N2 adsorption–desorption isotherm
of 3D Ni–Co@GC and 3D Ni–Co@PGC composites, and (d) their
corresponding pore-size distribution curves.
Results and discussion

Fig. 1 shows the scheme for the preparation of 3D Ni–Co@PGC.
The self-stacking of water-soluble NaCl was utilized to form
a hard template and CoCl2, NiCl2 crystals were used as nickel–
cobalt sources for the formation of 3D Ni–Co@PGC. NaCl,
CoCl2, NiCl2 and glucose were rst dissolved in deionized water
to obtain a homogeneous solution, and then dried at 60 �C for
10 h in an oven. During the drying process, NaCl, CoCl2 and
NiCl2 crystals were formed and uniformly coated with a glucose
lm. Aer pyrolytic treatment at 800 �C for 2 h in nitrogen
atmosphere, the glucose underwent carbonization to form
a graphitic carbon structure; meanwhile, ultrane Ni–Co alloy
nanoparticles formed in situ onto graphitic carbon because of
Ni2+ and Co2+ at a high pyrolysis temperature, leading to a 3D
Ni–Co@GC composite including NaCl crystals (3D Ni–Co/
NaCl@GC). Aer the complete removal of NaCl crystals, 3D
porous Ni–Co@GC (3D Ni–Co@PGC) was obtained. Utilization
of the NaCl melt salt approach has been reported to fabricate
porous graphitic carbon nanosheets for improving their appli-
cation performance.27,28 In this work, NaCl was used as the
template to create porous structure graphitic carbon incorpo-
rated with ultrane Ni–Co alloy nanoparticles, which would be
helpful to facilitate electrochemistry-related mass transport,
thus improving the performance of 3D Ni–Co@PGC as an
energy storage material.

The XRD spectrum was rst recorded to identify the crystal
phase of the sample. For comparison, a sample without the
addition of NaCl in the synthesis process was also fabricated
(denoted as 3D Ni–Co@GC). Fig. 2a shows the XRD patterns of
3D Ni–Co@PGC and 3D Ni–Co@GC. As shown, the peaks
around 2q ¼ 26.5� correspond to the (002) plane of graphitic
carbon, conrming the formation of graphitic carbon during
the process of glucose carbonization for these two samples.29

Similarly, the diffraction peaks around 44.34�, 51.66�, and
76.10� for these two samples can be indexed to the (111), (200),
and (220) planes of the Ni–Co alloy (Ni50Co50 alloy, a fcc struc-
ture) with an atomic ratio of 1 : 1;30,31 their positions are slightly
higher than those of pure fcc Co (44.22�, 51.52� and 75.86�,
JCPDS card no. 01-1259, Co) and slightly lower than those of
pure fcc Ni (44.51�, 51.85� and 76.37�, JCPDS card no. 04-0850,
Fig. 1 Schematic illustration of the preparation of a 3D Ni–Co@PGC
composite.

17082 | J. Mater. Chem. A, 2016, 4, 17080–17086
Ni), indicating that glucose derived graphitic carbon can effec-
tively reduce Ni2+ and Co2+ into a Ni–Co alloy during high
temperature pyrolysis. To investigate the inuence of NaCl
crystals in the composite, the XRD pattern of 3D Ni–Co/
NaCl@GC was obtained as shown in Fig. S1 (ESI†). It was found
that a NaCl crystal phase (JCPDS: 75-0306) exists in the obtained
composite; moreover the introduction of NaCl has no signi-
cant inuence on the crystal phase of Ni–Co alloy nanoparticles
in graphitic carbon. Furthermore, these two samples were also
characterized by the Raman spectrum technique (Fig. 2b). The
Raman spectra of 3D Ni–Co@GC (black line) and 3D Ni–
Co@PGC (red line) display typical Raman peaks of carbon
materials at 1350 cm�1 of D-band and 1595 cm�1 of G-band,
corresponding to the vibrations of the carbon atoms with
dangling bonds in the plane terminations of disordered
graphite and E2g mode of the graphite layer. Generally, the
intensity ratio of G band to D band can be used to evaluate the
degree of graphitization.32,33 The IG/ID values are 1.01 and 1.02
for 3D Ni–Co@GC and 3D Ni–Co@PGC, respectively, indicating
a graphitic carbon structure of all samples, benecial for
improving their electrical conductivity when used as the elec-
trode materials for supercapacitors.

The surface area and pore distribution of 3D Ni–Co@GC and
3D Ni–Co@PGC were measured by N2 adsorption and desorp-
tion isotherms (Fig. 2c). The isotherms of 3D Ni–Co@GC and
3D Ni–Co@PGC display a typical type-IV curve and an H3-type
hysteresis loop, indicating the presence of a porous structure in
these two composites. The results demonstrate that 3D Ni–
Co@PGC possesses a surface area of 265 m2 g�1 and a pore
volume of 0.112 cm3 g�1, much higher than those of 3D Ni–
Co@GC (surface area of 128 m2 g�1 and pore volume of
0.06 cm3 g�1), mainly attributed to the porous template role of
NaCl nanocrystals during high temperature pyrolysis. The pore
size distribution calculated using the BJH method by the
desorption branch of the nitrogen sorption isotherms shows
that 3D Ni–Co@PGC is composed of a porous structure with
This journal is © The Royal Society of Chemistry 2016
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a narrow distribution centered at approximately 2.0 nm
(Fig. 2d), while the pore sizes are concentrated at 2.0 nm and
3.2 nm for 3D Ni–Co@GC. The above results demonstrate that
NaCl crystals as a porous template in high temperature pyrol-
ysis can create a more uniform porous structure. Moreover, it
was found that the NaCl amount has signicant effects on the
surface area and pore volume of the corresponding composites,
but their pore size distributions are similar. For example, when
more NaCl (e.g., 5.0 g) was used, the fabricated composite (3D
Ni–Co@PGC-5) exhibited a higher surface area of 308.5 m2 g�1

and similar pore size distribution with 3D Ni–Co@PGC (Fig. S2,
ESI†). The high surface area and porous structure of 3D Ni–
Co@PGC are very favourable for the exposure of the reaction
active sites and electrochemistry-related mass transfer when
used as the electrode material for a supercapacitor, thus
improving the device's performance.34

Themicrostructure of 3D Ni–Co@PGC was examined by SEM
and TEM techniques. The 3D Ni–Co@PGC mainly consists of
cubic-like structures with a rough surface, as shown in Fig. 3a
and b, while irregularly shaped bulk structures are obtained for
the 3D Ni–Co@GC sample (Fig. S3, ESI†). The above results
demonstrate that NaCl crystals may also play an important role
in regulating material morphology and structure during high
temperature pyrolysis.27 TEM analysis further indicates that
large numbers of nanoparticles are uniformly distributed onto
a porous graphitic carbon sheet (Fig. 3c). The sizes of nano-
particles mainly range from 5 to 10 nm, as shown in Fig. 3c and
Fig. 3 Microstructure analysis of the 3D Ni–Co@PGC. (a) Low and (b)
high magnified SEM images, (c) TEM and (d) HRTEM images, (e) SAED
pattern, (f) element distribution in the 3D Ni–Co@PGC and the
element mapping results of Co, Ni, and C, respectively.

This journal is © The Royal Society of Chemistry 2016
d. The HRTEM image of 3D Ni–Co@PGC conrms the presence
of graphitic carbon layers, and the plane spacing of 0.203 nm
and 0.248 nm can be ascribed to the (111) and (110) planes of
Ni–Co alloy crystals, as shown in Fig. 3d.35 Fig. 3e shows the
corresponding selected area electronic diffraction (SAED)
patterns of 3D Ni–Co@PGC, further indicating the formation of
ultrane Ni–Co alloy crystals on the porous graphitic carbon
structure. Fig. 3f shows the EDX mapping images of 3D Ni–
Co@PGC, conrming the presence of C, Ni and Co elements
and the uniform and overlapped distribution of Ni and Co in
the graphitic carbon structure. This also means the formation
of ultrane Ni–Co alloy nanocrystals.

The above characterization results demonstrate that as-
prepared 3D Ni–Co@PGC possesses high surface area, porous
structure and graphitic carbon structure, possibly favourable
for the exposure of reaction active sites provided by Ni–Co
related species, electrochemistry-related mass transport and
electron transfer when used as the electrode material for
supercapacitors. Therefore, the as-prepared 3D Ni–Co@PGC
and 3D Ni–Co@GC were used as electrode materials for
supercapacitors and evaluated in a 6.0 M KOH solution in this
work. Fig. 4a shows the typical CV curves of the 3D Ni–Co@PGC
electrode with various sweep rates in the potential window of 0–
0.6 V (vs. Hg/HgO). It has been generally accepted that the
surface of Ni–Co alloy nanoparticles may convert to NiO/Co3O4

and/or Ni(OH)2/Co(OH)2 in an alkaline electrolyte;36,37 therefore
two pairs of redox peaks were observed, corresponding to the
reversible reactions of M–O/M–O–OH (M represents Ni or Co).8

This was also conrmed in this work by XRD and TEM char-
acterizations of the 3D Ni–Co@PGC electrode material aer an
electrochemical test in a 6.0 M KOH electrolyte. As shown in
Fig. S4 (ESI†), the diffraction peaks at 31.3�, 36.9�, 77.5� and
37.2�, 43.2�, 53.7�, 62.9� corresponding to NiO and Co3O4 can be
clearly found in the XRD patterns of 3D Ni–Co@PGC aer the
electrochemical test in a 6.0 M KOH electrolyte. Furthermore,
Fig. 4 (a) Cyclic voltammogram curves at various scan rates ranging
from 5 mV s�1 to 100 mV s�1, (b) charge–discharge curves measured
at different current densities of 3D Ni–Co@PGC, (c) average specific
capacitance at various current densities and (d) cycling performance at
a current density of 2 A g�1 of 3D Ni–Co@GC and 3D Ni–Co@PGC.

J. Mater. Chem. A, 2016, 4, 17080–17086 | 17083
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Fig. 5 Electrochemical performance of the as-fabricated 3D Ni–
Co@PGC//AC asymmetric supercapacitor: (a) CV curves at scan rates
of 5–100mV s�1, (b) galvanostatic charge/discharge curves at different
current densities of 2–16 A g�1, (c) the corresponding energy and
power densities, and (d) cycling performance at a constant current
density of 10 A g�1.
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the HRTEM images (Fig. S5, ESI†) indicate that the lattice
spacings of 0.243 nm and 0.209 nm can be indexed to the
crystalline planes of (311) of NiO and (202) of Co3O4 for 3D Ni–
Co@PGC aer electrochemical measurements. The above
results suggest that NiO and Co3O4 derived from the Ni–Co alloy
nanoparticles should be responsible for the electrochemical
activity of the 3D Ni–Co@PGC electrode material for super-
capacitors. As shown in Fig. 4a, with the increase of the scan
rate from 5 to 100 mV s�1, the redox peak currents also increase
and the shape of the CV curves is well maintained, implying that
the 3D Ni–Co@PGC electrode is favourable for ultrafast redox
reactions. The slight redox peak shi can be attributed to the
polarization effect of the electrode. Fig. 4b shows the galvano-
static charge–discharge curves of 3D Ni–Co@PGC measured at
different discharge current densities within the potential
window of 0–0.5 V (vs.Hg/HgO). From the correlation of specic
capacitances with different current densities, the decrease in
capacitances with the increase in current densities may be
ascribed to limited ion migration into the interior of the active
material.38 Comparatively, the CV and galvanostatic charge–
discharge curves of 3D Ni–Co@GC as plotted in Fig. S6 (ESI†)
show that the specic capacitance of the 3D Ni–Co@PGC elec-
trode is much higher than that of the 3D Ni–Co@GC electrode
under identical experimental conditions. The specic capaci-
tance as a function of the discharge current density is plotted in
Fig. 4c. The 3D Ni–Co@PGC electrode exhibits high specic
capacitances of 1091, 1064, 1041, 1019, 1006 and 973 F g�1 at
the discharge current densities of 1, 2, 4, 8, 16, and 32 A g�1,
respectively. Although specic capacitance decreases gradually
with increasing current density because of insufficient active
materials involved in the redox reaction at high current densi-
ties,39,40 even when the current density is increased to 32 A g�1,
the value still remains as high as 973 F g�1, indicating a good
rate capability (about 89% of capacitance is retained). These
values are much higher than those obtained by 3D Ni–Co@GC
and other Ni/Co-based counterparts reported in the litera-
ture.41–43 For 3D Ni–Co@GC, the capacitances are 873, 830, 811,
756, 675 and 517 F g�1 at discharge current densities of 1, 2, 4, 8,
16, and 32 A g�1, respectively. The capacitance retention ratio is
only 59% when the current density is increased from 1 A g�1 to
32 A g�1. Long-term cycling stability has been deemed to be an
important parameter of an electrode material for practical
application of supercapacitors; therefore the cycling stability of
3D Ni–Co@GC and 3D Ni–Co@PGC electrodes was tested under
repeated galvanostatic charge–discharge conditions at
a constant current density of 2 A g�1 in a 6.0 M KOH electrolyte.
As shown in Fig. 4d, the specic capacitance of the 3D Ni–
Co@PGC electrode continuously increases until the 1300th
cycle, indicating a full activation at the electrode–electrolyte
interface in this stage. Compared with the rst charge–
discharge process, the specic capacitance exhibits no obvious
decrease aer 1500 cycles (about 95% of capacitance is
retained). Whereas, a serious degradation of the specic
capacitance of the 3D Ni–Co@GC electrode is observed with
only 77% capacitance retention aer 2000 cycles. Notably, the
porous structure of 3D Ni–Co@PGC with a large surface area
can provide sufficient space for electrolyte transport to contact
17084 | J. Mater. Chem. A, 2016, 4, 17080–17086
the reaction active sites provided by the Ni–Co related species
during the charge–discharge process, the intimate interaction
between the graphitic carbon and ultrane Ni–Co alloy nano-
particles enables facile electron transport, and the above factors
collectively contribute to high specic capacitance, good rate
capability and excellent cycle life of the supercapacitor made
from the 3D Ni–Co@PGC electrode.44–46

To further evaluate the electrochemical properties of the 3D
Ni–Co@PGC electrode in supercapacitors, we have constructed
an asymmetric supercapacitor (3D Ni–Co@PGC//AC) by
employing the 3D Ni–Co@PGC as the positive electrode and the
active carbon (AC) as the negative electrode. The detailed elec-
trochemical performance of the AC electrode is presented in
Fig. S7 (ESI†); the CV curve of the AC electrode is nearly rect-
angular shaped with the potential window from �1.0 to 0 V,
presenting the characteristics of the double-layer capacitors.
The mass ratio of the two electrode materials was balanced
before making the asymmetric supercapacitor device, and the
voltage window of the asymmetric supercapacitors was deter-
mined to be 1.6 V, according to their individual electrochemical
behaviours. Fig. 5a shows the CV curves at 5–100 mV s�1 which
demonstrate that the asymmetric supercapacitor shows an
excellent capacitive behaviour at 0–1.6 V. The charge/discharge
curves of the asymmetric supercapacitor are shown in Fig. 5b. A
high specic capacitance of 107.7 F g�1 is reached at 2 A g�1 of
the asymmetric supercapacitor calculated from the typical gal-
vanostatic charge/discharge curves, and it is 91.7 F g�1 with
85% of capacitance retention at 16 A g�1. From the Ragone plot,
it is seen that the 3D Ni–Co@PGC//AC asymmetric super-
capacitor delivers a high energy density of 33.7 W h kg�1 at
a power density of 750 W kg�1, and the energy density remains
at 28.7 W h kg�1 even at a high power density of 6 kW kg�1.
These results are much better than those of Ni(OH)2//AC
(12.6 W h kg�1 at 1.67 kW kg�1),50 Ni–Co sulde NWAs//AC (17.8
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Nyquist plots of 3D Ni–Co@GC and 3D Ni–Co@PGC electrode
materials.
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W h kg�1 at 3.57 kW kg�1),51 NiCo2O4 NSs@HMRAs//AC
(15.4 W h kg�1 at �0.7 kW kg�1),52 ZNCO//AC (19.1 W h kg�1 at
�0.9 W kg�1),53 and Ni–Co–Fe hydroxides//AC (23.9 W h kg�1 at
5.36 kW kg�1).54 In addition, the cycling performance of the (3D
Ni–Co@PGC//AC) asymmetric supercapacitor is measured at 10
A g�1 within the potential window of 0–1.5 V for 4000 cycles, and
the curves are displayed in Fig. 5d. The capacitance retention
remains at 98% aer 4000 cycles. The above results indicate the
good stable behaviour of the (3D Ni–Co@PGC//AC) asymmetric
supercapacitor.

In general, electrochemical impedance spectroscopy (EIS)
was used to investigate the performance of electrochemical
capacitors, such as internal resistance, capacity etc.36 The
Nyquist plots of 3D Ni–Co@GC and 3D Ni–Co@PGC are shown
in Fig. 6, and an equivalent circuit used to t the Nyquist plots is
shown in the inset of Fig. 6. At high frequency, the intercept on
the real axis represents a combined resistance (Rs) resulting
from the resistance of the electrode materials, the ionic resis-
tance of the electrolyte and the active material/current collector
interface.39,51 The Rs values for 3D Ni–Co@GC and 3D Ni–
Co@PGC electrodes were measured to be 0.42 U and 0.41 U,
respectively. Clearly, the good electrical conductivity of 3D Ni–
Co@GC and 3D Ni–Co@PGC electrodes is evident from their
similar and low Rs values. The semicircle in the high-frequency
range corresponds to the charge transfer resistance (Rct) caused
by faradic reactions.47–49 The tted values of Rct are about 0.48 U

and 0.13 U for 3D Ni–Co@GC and 3D Ni–Co@PGC electrodes,
respectively. An electrode with a lower Rct value is more effective
for fast charge and discharge responses. The reduced charge-
transfer resistance for the 3D Ni–Co@PGC electrode can be
attributed to its high surface area and uniformly distributed
ultrane Ni–Co alloy nanoparticles providing more reaction
active sites, indicating high electrochemical reaction activity as
an electrode material for supercapacitors.
Conclusion

In summary, we reported a facile and scalable method to in situ
prepare ultrane Ni–Co alloy nanoparticles incorporated into
This journal is © The Royal Society of Chemistry 2016
a 3D porous graphitic carbon composite using NaCl as the
porous template and glucose as the carbon source by a simple
pyrolysis approach. Owing to its high surface area, porous
structure and superior electrical conductivity, the prepared 3D
Ni–Co@PGC as the electrode material for a supercapacitor
exhibited excellent performance of the supercapacitor with
large specic capacitance, high rate capability and good cycling
stability. The synthesis strategy used in this work can be
extended to fabricate other transition metal alloy nanoparticle
incorporated porous graphitic carbon composites for energy
storage applications.
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