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d synthesis of NiCoO2 nanocages/
reduced graphene oxide composites as high-
performance electrodes for supercapacitors†

Xiao-Hui Guan, a Mu Li,a Hai-Zhen Zhang,a Liu Yanga and Guang-Sheng Wang *b

Here we reported a coordinating etching and precipitating method to synthesize a complex binary metal

oxides hollow cubic structure. A novel NiCoO2/rGO composite with a structure of NiCoO2 nanocages

anchored on layers of reduced graphene oxide (rGO) were synthesized via a simple template-assisted

method and the electrochemical performance was investigated by cyclic voltammetry, galvanostatic

charge–discharge and electrochemical impedance spectroscopy tests as a faradaic electrode for

supercapacitors at a graphene weight ratio of 1 wt% (1%). When used as electrode materials for

electrochemical capacitors, the NiCoO2/rGO composites achieved a specific capacity of 1375 F g�1 at

the current density of 1 A g�1 and maintained 742 F g�1 at 10 A g�1. After 3000 cycles, the

supercapacitor based on these nanocage structures shows long-term cycling performance with a high

capacity of 778 F g�1 at a current density of 1 A g�1. These outstanding electrochemical performances

are primarily attributed to the special morphological structure and the combination of mixed transition

metal oxides and rGO, which not only maintains a high electrical conductivity for the overall electrode

but also prevents the aggregation and volume expansion of electrochemical materials during the cycling

processes.
1 Introduction

Electrochemical capacitors (ECs), also called supercapacitors,
a new energy storage system, have great potential as next
generation energy storage systems, due to their outstanding
electrochemical performance including high specic capaci-
tance, high power density, good rate capability and excellent
cycling stability.1,2 Supercapacitors have been successfully
utilized in many elds including communication, trans-
portation, electronics, and aviation, and have considerable
application prospects.3,4 Based on different energy storage
mechanisms, ECs are classied into two categories: double-
layer capacitors (DLC) and pseudocapacitors (PC).5,6 In partic-
ular, PCs rely on reversible redox reactions between active
materials and electrolyte ions to more rapidly complete the
storage of energy and the release of charge.7 As is well-known,
the electrode material is the most important component of
supercapacitors, which affects the supercapacitors' perfor-
mance to a large extent. Many researchers are aiming at
t Electric Power University, Jilin 132000,

facial Science, Technology of Ministry of

vironment, Beihang University, Beijing

a.edu.cn
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9

producing new substances and structures to achieve better
properties for supercapacitors.

Various materials, such as transition metal oxides,8 metal
suldes,9 metal hydroxides10 and modied carbons,11 have been
explored for pseudocapacitor applications. Among them, nickel
hydroxide is an attractive pseudocapacitivematerial due to its well-
known electro-chemical redox activity, high specic capacitance,
good rate capability and low cost.12,13 Nickel hydroxide is a kind of
p-type semiconductor, which can increase the internal resistance
of the electrode.14 To minimize the internal resistance of the
electrode among nickel hydroxide, nickel substrate and electrolyte,
it is suggested to incorporate some additives in the electrode.
Meanwhile, cobalt oxides have special structure and surface redox
reactivity.15 Cobalt oxides comprise two readily accessible cation
oxidation states: Co2+ and Co3+, which are thermodynamically
competitive under common ambient conditions, and two species
of cobalt oxide are stable in the natural environment, which make
them potential additive candidates for advanced materials.16 One
of the most promising materials based on transition metal oxides
is themixed Ni and Co oxide, which is a cheap and stable electrode
material. As a novel two-dimensional single-atom-thick carbon
material with a honeycomb lattice structure, graphene has attrac-
ted huge research interest in both academia and industry. Its
unique structural features provide excellent mechanical, thermal
and optical properties. In particular, its great theoretical specic
surface area and high electronic conductivity make graphene
a promising material for high-performance supercapacitors.
This journal is © The Royal Society of Chemistry 2018
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However, there are still several considerable barriers preventing
graphene's effective application in supercapacitors. The foremost
obstacles are serious aggregation and restacking of grapheme,
which not only decrease its actual specic surface area but also
hinder the rapid transport of electrolyte ions. To date, there have
been several reports on the synthesis and electrochemical evalua-
tion of NiCo2O4 material with various morphologies.17–20 Mondal
et al. developed rGO–NiCo2O4 hollow spheres for supercapacitor
application. The synthesized rGO–NiCo2O4 showed a specic
capacity as high as 971 F g�1 at a current density of 0.5 A g�1,
which is much superior to that of pristine NiCo2O4 hollow spheres
(416 F g�1).21 Zhang et al. reported the synthesis method of mes-
oporous NiCo2O4 with nanoake@nanoneedles-like multiple
hierarchical structures (NCO-MHs) and urchin-like hierarchical
structures (NCO-urchin-like HSs). The performance of synthesized
NiCo2O4 as supercapacitor electrode materials were measured and
the results demonstrated that theNCO-MHSs andNCO-urchin-like
HSs exhibits higher specic capacitance of 640 F g�1 and 655 F g�1

at current density of 1 A g�1 respectively, and capacitance retention
is 99.6% and 95% aer 1000 cycles at a current density of 5 A g�1.22

However, few of NiCoO2 materials, as another mixed Ni and Co
oxide, have been reported on the synthesis and electrochemical
evaluation. Especially, the study on the template-assisted synthesis
of novel NiCoO2/rGOnanocage composites for supercapacitors has
been rarely been reported.

Herein, we explored a general strategy for fabricating
uniform nanocages of NiCo(OH)2/rGO (MHs) by templating
against cubic Cu2O nanocrystals at room temperature and then
obtaining homologous metal oxide (MO) porous nanocages by
simple thermal treatment of the as-prepared MHs. Due to
positive synergistic effects, the composites maintained a high
electrical conductivity, a distinct volume change cushion, and
all effective prevention of rGO's agglomeration or restacking
during the charge–discharge process. The electrochemical
performance of the hollow NiCo(OH)2, NiCoO2, NiCo(OH)2/rGO
and NiCoO2/rGO nanocages were further researched and
compared in detail based on cyclic voltammetry (CV), galvano-
static charge–discharge (GCD) and electrochemical impedance
spectroscopy (EIS) techniques.

2 Experimental
2.1 Sample preparation

All of the chemical reagents used in this experiment were of
analytical grade and used without further purication.

Preparation of graphene oxides. Graphene oxides (GO) were
synthesized via a modied Hummers method using pristine
graphite powders as raw materials. The detail procedure are
shown in the ESI,† as well as the SEM of GO in Fig. S1.†

Preparation of solid Cu2O crystals. The synthesis of Cu2O
followed Zhang's previous report23 with some modication, which
increased the quantity of products than Zhang's. In a typical
synthesis, 6 mmol CuCl2$6H2O was dissolved in 200 mL of
deionized water with magnetic stirring for 30 min to obtain
transparent light green solution. Then, 20 mL NaOH aqueous
solution (2 mol L�1) was dropwise added into the above solution,
which turned into turbid blue-green and then dark brown. Aer
This journal is © The Royal Society of Chemistry 2018
stirring for 1 h, 20 mL ascorbic acid solution (0.6 mol L�1) was
dropwise added into the dark brown solution and a turbid red
liquid gradually formed. The liquid was aged for 3 h. All of the
procedure was carried out under constant stirring and heated in
a water bath at 60 �C. The resulting precipitate was collected by
centrifugation and decanting, followed by washing with distilled
water and absolute ethanol andnally dried in vacuum at 60 �C for
12 h, and aer that, the cubic nanostructures of Cu2O samples was
obtained. The cubic nanostructures of Cu2O samples are shown in
Fig. S2 in the ESI, as well as XRD in Fig. S3.†

Preparation of NiCo(OH)2, NiCo(OH)2/rGO nanocages. In
a typical procedure,24 a certain amount of Cu2O templates, NiCl2-
$2H2O andCoCl2$2H2O (Co : Ni¼ 3 : 2,molar ratio) were added to
120 mL of the ethanol/water mixed solvent (MS) in the presence of
PVP (Mw ¼ 30 000). Aer the mixture was stirred for 10 min,
a certain amount of Na2S2O3 aqueous solution was dropwise
added. Then the reaction was carried out at room temperature for
some time until the suspension solution changed from red to the
expected color. Eventually, NiCo(OH)2 nanocages were fabricated
respectively. As for the synthesis of NiCo(OH)2/rGO nanocages, GO
of one percent (1%) is added to the above mixed solvent (MS). The
cubic nanostructures of NiCo(OH)2, 1%NiCo(OH)2/rGO samples
are shown in Fig. S4 in the ESI.†

Preparation of NiCoO2, NiCoO2/rGO nanocages. In a typical
procedure,25 the as-prepared NiCo(OH)2 and NiCo(OH)2/rGO
samples were treated with calcination under a nitrogen atmo-
sphere at a certain temperatures for a certain time. The heating
rate was kept at 1 �C min�1 for each sample. Aer thermal
treatment, NiCoO2 and NiCoO2/rGO nanocages were obtained.

2.2 Characterization

The samples were examined by X-ray diffraction (XRD-7000),
recorded using a Shimadzu X-ray powder diffractometer with
Cu-Ka radiation (l ¼ 0.15405 nm). The morphology and size of
the products were obtained using scanning electronmicroscopy
(SEM) with a JSM-6510A microscope and by sputtering with
gold. The internal structures of the products were observed
using a JEOL JEM-2100F microscope used for transmission
electron microscopy (TEM). The elemental composition of the
products was determined using energy dispersive X-ray spec-
troscopy (EDS; Hitachi SU8010 IXRP Systems). Thermogravi-
metric analysis (TG) was carried out using Switzerland Mettler-
Toledo TGA/DSC1 apparatus.

2.3 Fabrication of the working electrode and
electrochemical measurements

To prepare the working electrode with the following procedure,
the as-prepared active materials, acetylene black and a polytetra-
uoroethylene (PTFE) emulsion, were mixed in ethanol at
a weight ratio of 8 : 1 : 1, and dispersed by ultrasonic treatment
for 10 min. The slurry was coated on a nickel foam (1 � 1 cm2)
current collector and then pressed at 8 MPa for 30 s and dried
under vacuum at 60 �C for 12 h. Finally, the working electrode
was obtained, and the mass of the active loading on the nickel
foam was about 10 mg. The electrochemical properties of the
active material were tested using an electrochemical workstation
RSC Adv., 2018, 8, 16902–16909 | 16903

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra02267d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

01
8.

 D
ow

nl
oa

de
d 

on
 4

/2
5/

20
26

 1
2:

41
:3

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
by a conventional three-electrode system (a reference electrode,
counter electrode and working electrode). Hg/HgO was used as
the reference electrode, a platinum foil as the counter electrode
and the working electrode was prepared using the active mate-
rials. All of the electrochemicalmeasurements were carried out in
a 2.0 M KOH solution on a Parstat 4000 workstation at room
temperature. Based on the CV curves, the average specic
capacitance of the electrodes was calculated via eqn (1),

Cs ¼
Ð V
V0
IðVÞdV

mvðV � V0Þ (1)

where Cs (F g�1),m (g), v (V s�1), (V� V0), and I(V) are the specic
capacitance, mass of the active material, potential scan rate,
potential range and current density, respectively. Based on the
discharge curves, the average specic capacitance of the elec-
trodes was calculated according to eqn (2),

Cs ¼ I � Dt

DV �m
(2)

where Cs (F g�1), I (A), Dt (s), DV (V) and m (g) are the specic
capacitance, discharge current, discharge time, potential range
of discharge and mass of the active material, respectively.
3 Results and discussion
3.1 Strategy for the NiCoO2/rGO nanocages fabrication

A possible formation mechanism of NiCoO2/rGO nanocages is
illustrated in Scheme 1. The formation process is illustrated as
steps I, II and III in Scheme 1, and the general chemical route
could be described as,
Scheme 1 Schematic illustration of the fabrication of NiCoO2/rGO nano
the fabrication of NiCoO2 by thermal treating of relevant NiCo(OH)2/rGO
etching; Step III: thermal treatment).

16904 | RSC Adv., 2018, 8, 16902–16909
Cu2O + xS2O3
2� + H2O / [Cu2(S2O3

2�)x]
2�2x + 2OH�1 (3)

S2O3
2� + H2O / HS2O3

� + OH� (4)

Ni2+ +Co2+ + 2OH� / NiCo(OH)2 (5)

During this process, continuous dissolution of Cu2O can
occur even in closed shells, proving that species such as S2O3

2�

and the [Cu2(S2O3)x]
2�2x complex can freely transport across the

shells through interparticle interstitials and driven by the as-
buildup concentration gradient during the etching process
(occurs in both steps I and II). Meanwhile, rGO can be added to
synthetise the reduced graphene oxide of homologous
composites. In a further procedure, NiCoO2 and NiCoO2/rGO
nanocages can be readily obtained by the common thermal
treatment of the as-prepared NiCo(OH)2 and NiCo(OH)2/rGO,
illustrated as step III in Scheme 1.

The calcination temperature of NiCo(OH)2/rGO composites
can be further investigated by TGA, which was performed up to
900 �C in nitrogen with a heating rate of 10 �C min�1. As shown
in Fig. S5 (ESI†), there is an initial mass loss of approximately
10% below 150 �C, which is associated with the deintercalation
of surface-absorbed water. Subsequently, NiCo(OH)2/rGO
composites display a dramatic mass loss at approximately
350 �C. And this fully 11% of mass loss should be attributed to
the removal of ions OH�, and at this time NiCoO2/rGO
composites have be prepared. Aer 700 �C, this fully 1% of mass
loss should be attributed to the removal of carbon sketch by
burning rGO, while the remainder is NiCoO2, which has a better
thermal property.
cages by synchronous coordinating etching of Cu2O nanocrystals and
. (Step I: coordinating etching and precipitating. Step II: coordinating

This journal is © The Royal Society of Chemistry 2018
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3.2 Characterization of structure and morphology

XRD characterizations were used to determine the crystalline
structure and phase composition of the samples. As shown in
Fig. 1, there are the patterns of rGO, NiCoO2 and NiCoO2/rGO
composites. All diffraction peaks of NiCoO2 arc perfectly in
accordance with the standard data of cubic NiCoO2 (JCPDS no.
10-0188), indicating the pure quality of the as-prepared
sample.26 Meanwhile, the strong and narrow diffraction peaks
show that the material possesses high crystallinity. In Fig. 1, the
broad diffraction peak of rGO appearing at approximately 25�

corresponds to the (002) plane of grapheme.27–29 And the
diffraction peaks of 1% NiCoO2/rGO composites are similar to
that of NiCoO2. However, this characteristic peak of rGO is not
observed in the XRD pattern of 1% NiCoO2/rGO, the reason of
which may be the content of rGO under the detection limit.30

In addition, XPS characterization was used to further
conrm the crystal phase of the NiCoO2/rGO composites. As
shown in Fig. S5 (ESI†), the survey spectrum of NiCoO2/rGO
composites mainly conrms presence of carbon, oxygen, cobalt
and nickel species. In Fig. 2(a), the major peak of the Ni2p XPS
spectrum can be assigned to the Ni2p3/2 (approximately 857.0
eV).31 In Fig. 2(b), the major peak of the Co2p XPS spectrum can
be assigned to the Co2p3/2 (approximately 782.4 eV). The Ni2p
and Co2p XPS spectra show that both the cobalt and nickel
elements in the composites exist in the bivalent form, which is
in accordance with results from the XRD. Moreover, the peak
located at 284.6 eV is assigned to the characteristic peak of C1s,
and a detailed deconvolution of the C1s spectrum is shown in
Fig. 2(c).32 It is noteworthy that there are two types of carbon
bonds, including C–C at 284.6 eV and C–O at 286.9 eV.33 The
deconvoluted O1s spectrum (Fig. 2(d)) demonstrates the forma-
tion of NiCoO2 at 531.7 eV, and the presence of the oxygen atoms
of the relevant surface functional groups at 533.6 eV (O]C–O).34

The presence of these residual oxygen-containing groups can be
attributed to the partial oxidation of GO during the hydrothermal
process. However, these hydrophilic groups can act as anchoring
sites to enable NiCoO2 to interact tightly with rGO. Moreover,
these groups can enhance the wettability of the electrode, which
brings a further positive effect on the compatibility between the
electrode and the electrolyte.
Fig. 1 XRD patterns of rGO, NiCoO2 and NiCoO2/rGO composites.

This journal is © The Royal Society of Chemistry 2018
Fig. 3 displays Raman spectra of pure GO and NiCoO2/rGO
composites, which show that all samples contain the D and G
bands due to the GO. The G band denoted as the characteristic
Raman band at �1585 cm�1 resulted from the E2g phonon
vibration of the carbon sp2 atoms and D band at �1365 cm�1

associated with the structural disorders and defects attributed
to the amorphous sp3 C–C vibrations.35,36 Also, the broad 2D
band position around �2700 cm�1, which is highly sensitive to
stacking of grapheme sheets.37,38 It can be seen that D and G
band intensity varies for the as synthesized composites. Also,
the ratio of intensities of the D and G bands (ID/IG) is an
important parameter and gives signicant information about
the structural defects present in carbon materials.39 The calcu-
lated ID/IG intensity ratios were 0.88 and 1.03 for pure GO and
NiCoO2/rGO composites, respectively. The small value of the
intensity ratio of pure GO indicates the presence of lower
number of defects in as synthesized GO. However, the NiCoO2/
rGO composite shows the highest defect (1.03) due to the
formation of NiCoO2 nanoparticles of metal oxide on the rGO.40

The morphology and microstructure of the NiCoO2 and
NiCoO2/rGO samples were characterized by SEM and TEM
observations, shown in Fig. 4. When cube of Cu2O templates are
introduced, the overall sample was dominated by the three-
dimensional cubic structure of nanocages. It can be distinctly
observed from the large number of nanocages and some of the
broken nanocages that the nanocages are hollow and the side
length of the hollow nanocages is approximately 500 nm, as
shown in Fig. 4(a and b). And compared with NiCoO2, the
NiCoO2 nanocage in NiCoO2/rGO composites are covered by the
lavers of rGO (SEM images c and d in Fig. 4). The features of the
cubic nanocages, including uniform dimensions, good exterior
texture, and amorphous, intact, and regular shell structure, can
also be clearly observed in these cubic nanocages, which can be
conrmed by the TEM image in Fig. 4(e). In particular, Fig. 4(f)
shows NiCoO2 nanoparticles (NiCoO2 NPs) in size distribution
of 10–20 nm are well anchored on the lavers of rGO.
3.3 Electrochemical performance

The electrochemical properties of NiCo(OH)2, NiCo(OH)2/rGO,
NiCoO2 and NiCoO2/rGO were evaluated using CV and GCD
techniques. Fig. S6† shows the typical CV curves of NiCo(OH)2,
NiCo(OH)2/rGO, NiCoO2 and NiCoO2/rGO at different scan rates
with a potential window ranging from�0.5 V to 0.7 V. From Fig. S8
(ESI†), each pair of peaks is visible in each voltammogram. In the
cathodic scan, a small amount of charges would be stored in the
interphase between the electrode material and electrolyte, which
occurs at different peaks. In the reverse anodic scan, the stored
charge would be released, which displays different peaks. When
the scan rate is increased, the shapes of the curves are maintained
and the peak current increases. The CV curves of all of the elec-
trodes involving the reversible redox reactions are expected to
exhibit good quasi-capacitance. Obviously, NiCoO2/rGO, the target
product, shows the best electrochemical performance among
them. From Fig. S10,† the capacitances of NiCoO2/rGO composites
with different weight ratios of rGO (0.5%, 1%, 1.5%, and 2%) at
1 A g�1 are 806, 1375, 508, and 490 F g�1, respectively. It is clear
RSC Adv., 2018, 8, 16902–16909 | 16905
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Fig. 2 XPS spectra of NiCoO2/rGO composites. (a) Ni2p spectrum; (b) Co2p spectrum; (c) C1s spectrum; (d) O1s spectrum.
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that with the increasing rGO weight ratio, the specic capacitance
rst increased, and then decreased. The specic capacitance of the
1% NiCoO2/rGO is the highest. From Fig. 5(a), CV curves cycled at
10 mV s�1 on the NiCoO2/rGO electrode shows a pair of obvious
redox peaks, which differs from the CV curves of rGO and NiCoO2

displaying a smaller peak area. Fig. S6(d)† shows the CV curves on
the NiCoO2/rGO composite electrodes at scan rates from 1 to
20mV s�1. The strong pairs of peaks in the CV curves indicate that
the capacitive behaviors mainly attributed to faradic redox reac-
tion. The faradic behavior is consistent with a battery-type elec-
trode, coming from the following redox reactions,41–43
Fig. 3 Comparison of Raman spectra of there products. (a) Pure GO;
(b) NiCoO2/rGO.

16906 | RSC Adv., 2018, 8, 16902–16909
NiCoO2 + 2OH� 5 NiOOH + CoOOH + 2e� (6)

In alkaline media, NiCoO2 tends to change to NiOOH and
CoOOH, as such in reaction (6), which have a high electron and
proton conductivity and signicant voltammetric response, due
Fig. 4 SEM images (a and c) of NiCoO2, SEM images (b and d) and TEM
images (e and f) of 1% NiCoO2/rGO composites.

This journal is © The Royal Society of Chemistry 2018
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to the combined effect of the oxygen donation from Ni and Co
oxide/hydroxide.

In Fig. 5(b), the obvious plateau regions demonstrate faradic
behaviors in the GCD curve of NiCoO2/rGO electrode, which is
caused by redox reactions. And this also is in accordance with
the CV results. In addition, GCD curves on NiCoO2/rGO
composites at various current densities ranging from 1 to
10 A g�1 were also employed in Fig. S7(d).† The relationship
between the capacitance and the area bounded by the CV curves
can be described by eqn (2).44,45 According to eqn (2), the specic
capacities of the NiCoO2/rGO composites are calculated at
current densities of 1, 2, 5 and 10 A g�1, respectively, and the
calculated capacitances of NiCoO2/rGO composites at corre-
sponding current densities are 1375, 1271, 1022 and 742 F g�1,
as shown in Fig. 5(c). And compared with NiCoO2, the specic
capacities of the NiCoO2/rGO composites have an obvious
improvement and show higher rate capacity and highmultiplier
performance, for which the reason is closely related to the
combination of NiCoO2 and rGO. In Fig. 5(d), it shows the
cycling performance of the NiCoO2/rGO working electrodes for
electrochemical energy storage at a current density of 1 A g�1

between 0 V and 0.45 V, which reveals a higher initial specic
capacitance for the rst 300 cycles. Meanwhile, they undergo
a rapid consecutive capacity reduction along with the increase
in cycle number. Aer 300 cycles, the NiCoO2/rGO electrodes
retain a capacity of 800 F g�1. The decrease of the capacitance
Fig. 5 (a) CV curves of rGO and 1%NiCoO2/rGO composites at a scan rate
a current density of 1 A g�1; (c) specific capacities of 1% NiCoO2/rGO com
NiCoO2/rGO composites at a current density of 1 A g�1.

This journal is © The Royal Society of Chemistry 2018
could be caused by mainly decreasing the electroactive sites and
a slight collapse of the hollow structure when the ions were
intercalated/extracted into/out of the hollow structures. From
the 300th to 3000th cycle, we can see that the long-term cycling
performance of the NiCoO2/rGO electrode at a current density of
1 A g�1. In particular, the NiCoO2/rGO composites show a stable
cycle performance with 97% capacity retention ratios (approxi-
mately from 800 to 778 F g�1) from the 300th to 3000th cycle of
charging and discharging. Even if compared with the specic
capacities, the capacity retention of NiCoO2/rGO composites is
still 56% at a current density of 1 A g�1 (approximately from
1375 to 778 F g�1). And the good rate capability and excellent
cycling stability of NiCoO2/rGO electrodes are closely related to
the combination of mixed transition metal oxides and rGO. The
unique hybrid architecture can maintain a high electrical
conductivity for the overall electrode, which promotes a fast
faradic charging and discharging process on the composites.
Moreover, the aggregation and volume expansion/contraction
of electrochemical materials can be effectively prevented
during the cycling processes by virtue of the hybrid structure.
Meanwhile, the high specic capacitance of NiCoO2/rGO elec-
trodes is closely related to annealing in nitrogen, which makes
NiCoO2/rGO possessing high crystallinity.

Electrochemical impedance spectra (EIS) measurement is
also a signicant aspect for quantitatively evaluating the elec-
trical resistance of NiCoO2/rGO composites.46,47 Fig. 6(a)
of 10mV s�1; (b) GCD plots of rGO and 1%NiCoO2/rGO composites at
posites at various current densities and (d) cycling performance of 1%

RSC Adv., 2018, 8, 16902–16909 | 16907

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra02267d


Fig. 6 EIS spectra (a) of rGO, NiCoO2 and NiCoO2/rGO electrodes in
the frequency range from 100 kHz to 0.01 Hz and the electrical
equivalent circuit (b) used for fitting the impedance spectra of NiCoO2/
rGO.
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demonstrates the Nyquist plots of the rGO, NiCoO2 and NiCoO2/
rGO electrodes to illustrate their impedance characteristics. The
Nyquist plots are composed of semicircles in the higher (le)
frequency region (in the inset of Fig. 6(a)) and sloping lines in
the lower (right) frequency region. The equivalent circuit model
of the EIS analysis is shown in Fig. 6(b), where Re, Rct, Zw, Cd and
Cf are denoted as electrode series resistance, charge transfer
resistance, Warburg impedance, electric double layer capaci-
tance and faradic capacitance, respectively. From Fig. 6(a), we
can see that NiCoO2/rGO displays a slightly bigger Re value
(1.327 U) than that of rGO (0.898 U), indicating that the
outstanding electronic conductivity of rGO is maintained in
NiCoO2/rGO composites. Moreover, the charge transfer resis-
tance (Rct) of NiCoO2/rGO composites is estimated to be 0.978
U, which is bigger than that of pure rGO. This can be attributed
to the following facts: a portion of the charges in NiCoO2/rGO
composites is used to transfer between the rGO sheets, and the
remainder is used to participate in the faradic redox reaction. In
addition, the NiCoO2/rGO composite electrode exhibits a 1ine
that is more vertical than rGO in the low frequency region,
indicating the fast ion diffusion in the electrolyte, and the
adsorption onto the electrode surface.
4 Conclusion

We demonstrated a facile synthesis of novel hollow cubic
NiCoO2/rGO composites with the structure of NiCoO2 nano-
particles anchored on layers of rGO through a template-assisted
method and we investigated their electrochemical performance
as a faradic electrode for supercapacitors. The 1% NiCoO2/rGO
composites achieve a specic capacity of 1375 F g�1 at the
16908 | RSC Adv., 2018, 8, 16902–16909
current density of 1 A g�1 and maintain 742 F g�1 at 10 A g�1.
From a 3000 cycle test, we can see that the long-term cycling
performance of the 1%NiCoO2/rGO electrode at a current
density of 1 A g�1. In particular, the specic capacity of NiCoO2/
rGO composites is still 778 F g�1 aer a 3000 cycle test of
charging and discharging. Even if compared with other
researchers' results (Table S2, ESI†), the hollow cubic 1%
NiCoO2/rGO nanocage composites in this work show a superior
specic capacity and high capacity retention. It has been
observed that the 1% NiCoO2/rGO composites exhibit all
improved capacitive performance, which can be attributed to
the combination of mixed transition meta1 oxides and rGO, as
well as its extraordinary hollow cubic structure. Owing to the
synergistic effects between the two kinds of materials, there is
efficient charge transport and electrolyte diffusion during the
charge–discharge process. Moreover, the aggregation and
volume expansion/contraction of electrochemical materials can
be effectively prevented. These features make the NiCoO2/rGO
composite a suitable and promising electrode material for
efficient supercapacitors. Moreover, this template-assisted
method can be easily generalized to other syntheses of mixed
transition metals and carbon materials for supercapacitors.
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