








to the Faradic redox reactions between M–O/M–O–OH (M rep-
resents Ni or Co) and OH anions,22,46,53,54 which are dis-
tinguishable from the ideal rectangular shape of electrical
double-layer capacitors, indicating the pseudocapacitive
characteristics. With a 100-fold increment in the sweep rate
from 5 to 500 mV s−1, there is no obvious distortion of the CV
curve shape with only a slight shift of reduction peaks from
0.14 to 0.04 V, indicating the excellent electrochemical
response of the NiCo2O4 NS/3DGN electrode. The peak current
increasing linearly with the increment of the scan rate also
suggests that the rates of electronic and ionic transportation
were rapid enough with respect to the scan rates.22

The selected galvanostatic charge/discharge curves of the
NiCo2O4 NS/3DGN electrode (Fig. 4b) at different current den-
sities in the potential window of 0–0.4 V exhibit the discharge
voltage plateaus at around 0.2–0.1 V, which is in good agree-
ment with the CV curves (Fig. 4a) and well consistent with pre-
vious reports.14,46,55 The specific capacitances of NiCo2O4 NS/
3DGN are 2173, 2131, 2088, 2053, 2008, 1941, 1776, 1475,
1264, 1203, 1142, 1008 and 954 F g−1 at current densities of 6,
8, 10, 12, 15, 20, 30, 50, 80, 100, 120, 150 and 200 A g−1,
respectively, indicating the excellent rate capability. Impor-
tantly, the NiCo2O4 NS/3DGN electrode demonstrates high
areal capacitances of 1.77, 1.60, and 1.42 F cm−2 at the current
densities of 4, 12, and 24 mA cm−2 (Fig. S7 in ESI†), respect-
ively. Even at a high current density of 159.4 mA cm−2, its high
areal capacitance of 0.76 F cm−2 can also be obtained. In
addition, the stable specific capacitance of 1943 F g−1 can be
retained for the NiCo2O4 NS/3DGN electrode after 2800 cycles

at 20 A g−1 with capacitance retention of almost 100% (Fig. S8
in ESI†). Specifically, the charge/discharge curves of NiCo2O4

NS/3DGN remain undistorted after 2800 cycles (Fig. S6 in
ESI†), suggesting the excellent reversibility of NiCo2O4 NS/
3DGN. In addition, the capacitance of the pure 3DGN elec-
trode was negligible to the NiCo2O4NS/3DGN electrode since
the reversible capacitance is only about 75 F g−1 at 2 A g−1

(Fig. S9 in ESI†), which can be further confirmed by the CV
result (Fig. S10 in ESI†). The long-term cycling performance at
high current density is another critical requirement for super-
capacitors to meet the demands of practical applications. As
displayed in Fig. 4d, the NiCo2O4 NS/3DGN electrode exhibited
a high initial specific capacitance of 1216 F g−1, and 1141 F
g−1 can be retained after 14 000 cycles at an ultra-high current
density of 100 A g−1, corresponding to the capacitance reten-
tion of 94%. Importantly, the charge/discharge curves remain
almost the same, with an IR drop of only 0.07 V after 14 000
cycles (inset of Fig. 4d and Fig. S11 in ESI†), further demon-
strating the super stable electrochemical activity of NiCo2O4

NS/3DGN. Moreover, the morphology of the NiCo2O4 NS/3DGN
electrode after 14 000 cycles was characterized. Although some
NiCo2O4 NSs agglomerated, they were still coated on 3DGN
after long-term charge/discharge processes (Fig. S12 in ESI†),
suggesting good stability of the electrode.

Table S1† compares the electrochemical properties of
NiCo2O4-based materials, metal oxides, metal hydroxides and
their hybrid composites. Although ultrahigh specific capaci-
tances have been reported for NiCo2O4-based materials,
the cyclic stability or rate capability should be further

Fig. 4 (a) Cyclic voltammograms (CVs) of the NiCo2O4 NS/3DGN electrode at different scan rates (from 5 to 500 mV s−1). The potential range of
the CV test is from −0.1 to 0.5 V (vs. standard Ag/AgCl electrode). (b) The typical galvanostatic charge/discharge curves of the NiCo2O4 NS/3DGN
electrode at various current densities. (c) The calculated specific capacitance as a function of current densities. (d) Cycling performance of the
NiCo2O4 NS/3DGN electrode at the current density of 100 A g−1. Inset: the corresponding charge/discharge curves of the initial 20 cycles (left),
8000–8020 cycles (middle) and the last 20 cycles (right).The potential range of the galvanostatic charge/discharge test is from 0 to 0.4 V (vs. the
standard Ag/AgCl electrode).
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improved.45,46,56 In addition, although good cycling perform-
ance has been achieved for NiCo2O4, it suffers from low capaci-
tance, especially the high-rate capacitance.14,54,57 In this work,
the supercapacitor performances of NiCo2O4 NS/3DGN,
especially the rate capability and long-term cycling stability,
are much better than those of many other pseudocapacitor
electrode materials (Table S1 in ESI†). The excellent electro-
chemical performances of NiCo2O4 NS/3DGN could be ascribed
to the following factors. First, the CVD-grown 3DGN on Ni foam
with outstanding electrical conductivity benefits the electron
transportation and electrolyte ion diffusion.24,37 Second, the
thin 2D NiCo2O4 NS with numerous nanopores not only
enlarges the interface surface area and increases the material
utilization, but also accommodates its volume change and
allows effective strain relaxation upon cycling.13,39 Third, the
thin NiCo2O4 NS connected with each other to form a
nanosheet network with highly open space can serve as an
“ion-buffering reservoir” for OH− ions, ensuring a sufficient
Faradaic reaction occurring even at very high current density.46

Lastly, the strong coupling between NiCo2O4 NS and 3DGN
renders good mechanical adhesion and electrical connection,
avoiding the use of polymer binders and conductive additives
and leading to enhanced electrochemical kinetics, which is
good for high-rate capability and long-term cycling perform-
ance of supercapacitors.12,22,27

In summary, we have successfully fabricated high-capaci-
tance, high-rate, and long-cycle-life supercapacitors by syn-
thesis of thin 2D NiCo2O4 NS with a thickness of ∼6.4 nm on
3DGN. The novel NiCo2O4 NS/3DGN hybrid demonstrates
excellent electrochemical performances including ultrahigh
specific capacitances as well as excellent rate capability of
2173 and 954 F g−1 at high current densities of 6 and 200 A
g−1, respectively, and superior long-term cycling stability with
only 6% capacitance loss after 14 000 cycles at 100 A g−1,
which is obviously superior to most of the previously reported
pseudocapacitor electrodes (Table S1 in ESI†). Our work not
only opens up the possibility of constructing the binder-
and additive-free pseudocapacitive materials with excellent
rate capability and long-cycle-life, but also presents a novel
and effective way to design three-dimensional graphene
based materials for energy storage devices with excellent
performance.
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