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1  Introduction

Recently, severe environmental issues and energy deple-
tion have pushed the development of green and sustainable 
energy storage and conversion devices [1–3]. As a promis-
ing candidate, supercapacitors (SCs) have received signifi-
cant attention owing to their excellent cycling lifespan, high 
power density, fast charge/discharge rate, environmental 
benignity and safe usage [4–7]. However, low energy den-
sity and high costs restrict their wide applications in energy 
storage. Developing novel electrode materials which have a 
high specific capacitance and low price to increase device 
capacitance or assembling asymmetric supercapacitor (ASC) 
to broaden the cell voltage is an effective strategy to address 
this problem on the basis of the equation of energy density 
(E) E = 1/2 CV2 [8].

Owing to their well-defined redox activity, desirable 
theoretical capacitance and environmental friendliness, 
nickel hydroxide has been extensively investigated recently 
[9–11]. Unfortunately, the poor electronic conductivity 
(10− 17 S/cm) of nickel hydroxides hinders electron trans-
fer and reduces the efficiency of redox reactions, leading to 
low power densities and rate capabilities [12]. Thus, a facile 
approach to enhance the capacitive performances of nickel 
hydroxide is to introduce high conductive carbon materials. 
Activated carbon (AC) [13–15], carbon nanotubes (CNTs) 
[16–19], graphene (GR) [20–25], expanded graphite (EG) 
[26] and Vulcan XC-72 [27] have been widely investigated. 
Besides, tremendous works have been done to fabricate 
aqueous electrolyte-based ASC by using nickel hydroxide-
carbon composites as the positive electrode and commer-
cial AC as the negative electrode material (denoted as AC//
Ni(OH)2/C). Examples of these are AC//Ni(OH)2/GR [28], 
AC//Ni(OH)2/CNT/AC [29], AC//Ni(OH)2/Co(OH)2/GR 
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[30], AC//Ni(OH)2/CNT [17]. These ASCs exhibit a high 
voltage window and energy density.

EG has been investigated owing to its unique properties 
in terms of excellent electrical conductivity, good chemical 
stability, low price, relatively wider interlayer spacing and 
the larger specific surface area as compared to graphite [31]. 
Guo et al. [32] prepared AC/EG composite by a novel super-
sonic wave shocking method, the largest specific capacitance 
(Cs) can reach to 305 F/g at 1 mA charging current. Besides, 
Xu et al. [26] synthesized NiO/EG composite via a chemical 
precipitation method, the Cs is 510 F/g at 0.1 A/g. However, 
poor capacitive performance of electrode material prepared 
from EG is the most pressing problem which needs to be 
solved.

In this work, low-cost EG will be used as a carbon mate-
rial, carbon nanotubes (CNTs) will be added as a conductive 
agent, then the EG and CNTs dispersion will be dropped 
onto a nickel mesh substrate to fabricate an EG electrode. 
Later the EG electrode will be immersed in a Ni(NO3)2 solu-
tion and in-situ electrodeposited to obtain a layered nickel 
hydroxide/EG composite electrode. Moreover, an optimized 
AC//Ni(OH)2/EG device will be assembled and its electro-
chemical performances will be investigated.

2 � Experimental

2.1 � Preparation of materials

Firstly, nickel foam (10 mm × 10 mm, Changsha Liyuan New 
Material Co., Ltd) was ultrasonically cleaned with acetone, 
deionized water and ethanol for 30 min, then vacuum dried at 
70 °C. Secondly, EG/CNTs slurry was obtained by mixing EG, 
CNTs (Chengdu Organic chemicals Co., Ltd, as a conductive 
agent) and Nafion® solution (Du Pont Company, as a binder) 
with a mass ratio of 85:10:5. The slurry was ultrasonically 
stirred until a homogeneous dispersion was obtained. Then 
the slurry was dropped uniformly onto the Ni foam substrate, 
controlling a mass loading of EG, CNTs and Nafion solution 
was 2.0 mg/cm2, and dried at 70 °C overnight. Finally, the 
electrodeposition of nickel hydroxide was conducted in a con-
ventional three-electrode cell, which consisted of a nickel foam 
plate (20 mm × 20 mm) counter electrode, a saturated calo-
mel electrode reference (SCE) electrode and as-prepared EG 
working electrode. An Autolab potentiostat 302N (Metrohm 
Holland) was used to perform electrochemical measurements. 
The potential was set at −1.1 V versus SCE electrode while the 
deposition time was fixed as 720 s, and the electrolyte solution 
was 0.1 M Ni(NO3)2·6H2O in a 1:10 (v/v) H2O/DMF mixed 
solvent. The electrodeposition was conducted at room tem-
perature. After the electrodeposition, the obtained electrode 
was rinsed with deionized water and dried at 70 °C overnight 

in a vacuum oven. Finally, the mass loading of deposition pro-
duction was 3.0 mg/cm2.

The preparation of Ni(OH)2 nanoparticles includes an elec-
trochemical and a chemical process. The NO3

− anions from the 
electrolyte solution can be electrochemically reduced on the 
cathode to produce OH− anions. These formed OH− groups 
react with Ni2+ cations to form Ni(OH)2 precipitation, and the 
entire process can be described by the following steps [33]:

2.2 � Characterization

The prepared materials was characterized using Philips X’ pert 
pro MPD X-ray diffraction (XRD, Cu, k = 0.15406 nm). The 
morphology and microstructures of EG and prepared elec-
trode were observed using a Zeiss scanning electron micro-
scope (SEM, EVO MA15) and a Hitachi Field emission scan-
ning electron microscope (FESEM, JSM-7500F/X-MAX50). 
The typical morphologies of prepared material were obtained 
from Zeiss Transmission electron microscope (TEM, LiBRA 
200FE). Infrared spectroscopy was carried out using a Fourier 
transform infrared spectrometer (FT-IR, Nicolet 6700).

2.3 � Assembly of asymmetric supercapacitor (ASC) 
device

An AC//Ni(OH)2/EG device, with a negative electrode of com-
mercial activated carbon (AC) and a positive electrode of the 
Ni(OH)2/EG, was fabricated in a two-electrode configuration. 
The nonwoven fabrics (NKK company, Japan) were used as 
the diaphragm. The AC electrode was obtained by mixing 
80 wt% of the commercial AC, 10 wt% CNTs and 5 wt% pol-
ytetrafluoroethylene (PTFE) in ethanol and brushed onto a Ni 
foam substrate (Φ = 14 mm) before being dried at 80 °C. Then 
the electrode materials and diaphragm were soaked in 6 M 
KOH electrolyte overnight before assembly.

2.4 � Electrochemical studies

Electrochemical studies of the Ni(OH)2/EG and AC electrode 
were carried out on an Autolab potentiostat 302N in a tradi-
tional three-electrode system, with the obtained electrode as 
working electrode, Pt coil as counter electrode and Hg/HgO 
as reference electrode. 6 M KOH solution was used as electro-
lyte. The Cs can be estimated by cyclic voltammetry (CV) or 
galvanostatic charge–discharge (GCD) curves based on Eqs. 
(1) and (2), respectively:

NO
−
3
+ 7 H

2
O + 8 e

−
→ NH

+
4

+ 10 OH
−

2 OH
− + Ni

2+
→ Ni(OH)

2

(1)Cs = ∫ IdV∕2m�ΔV

(2)Cs = I × Δt∕m × ΔV
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where Cs (F/g), I (A), m (g), ∆t (s) represent the specific 
capacitance, response current, mass of the electrode materi-
als and discharge time, respectively. � (mV/s) indicates the 
scan rate and ∆V (V) represents potential window.

The as-assembled ASC device was measured using a 
two-electrode mode. Electrochemical impedance spectros-
copy (EIS) was carried out by applying 5 mV perturbation 
amplitude versus the open circuit, the frequency was chosen 
to vary from 100 kHz to 0.01 Hz. The energy density (E) 
was estimated based on Eq. (3) and power density (P) was 
obtained by the formula (4) respectively:

where V (V), Cs (F/g), t (s) represent the voltage win-
dow, specific capacitance of total cell and discharge time, 
respectively.

3 � Results and discussion

XRD pattern of Ni(OH)2/EG composite by peeling off the 
Ni(OH)2/EG electrode is presented in Fig. 1a. Except for 
three diffraction peaks associated with the nickel foam 
substrate and one diffraction peak for graphite, no charac-
teristic peaks can be observed from the pattern. It may be 
suggested that the prepared nickel hydroxide particles are 
amorphous. Besides, a broad and diffused halo ring associ-
ated with nickel hydroxide can be found from selected-area 
electron-diffraction (SAED) pattern (Fig. 4d inset). The 
results further demonstrate that nickel hydroxide deposits 
are an amorphous morphology. Also, the energy dispersive 
X-ray spectroscope (EDS) spectra (Fig. 1b) show that O, C, 
and Ni elements are present in the composites.

The FT-IR spectrum of the Ni(OH)2/EG composite 
is shown in Fig. 2. The characteristic band at 3410 and 
3170 cm− 1 can be assigned to inter-lamellar water and 
hydroxyl groups, respectively [34]. The broad bands around 
3140 and 1623 cm− 1 are assigned to the N–H stretching 
vibration and δ-H2O vibration of the water molecule. The 
band at 1400 cm− 1 is the characteristic band of interlayer 
nitrate anion [35]. The band at 1160 cm− 1 is attributed to the 
ν-N–H vibration. Its existence could be due to the DMF in 
solution. It is worth to note that two bands at low wavenum-
bers can be observed, corresponding to the Ni-O-H bend-
ing vibration at 616 cm− 1 and Ni–O stretching vibration at 
450 cm− 1, respectively [36]. These results show that the 
nickel hydroxide is present in the prepared composite.

The morphologies and structures of EG and Ni(OH)2/
EG composite are observed by SEM and TEM. It can 

(3)E = 1∕2Cs × V
2

(4)P = E∕t
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be seen from SEM image (Fig. 3) that EG sheets have a 
layered structure and wide interlayer spacing. The nickel 
hydroxide nanoparticles can be easily intercalated into the 
graphite layer by electrochemical deposition. Figure 4a, b 
show SEM images of Ni(OH)2/EG. The composite exhib-
its a layered structure, nickel hydroxide particles inter-
calated into the graphite layer and deposited on the sur-
face of graphite sheets. The embedded nickel hydroxide 
nanoparticles expand interlayer spacing and create some 
pore structures, which is beneficial to the infiltration of 
the electrolyte. The TEM image (Fig. 4c) displays that 
the EG sheets in the Ni(OH)2/EG are thin and possess 
some wrinkles, acting as opposite materials to support 
the nickel hydroxide particles. High-magnification TEM 
image (Fig. 4d) reveals that most of the nickel hydrox-
ide nanoparticles have an average diameter of 35 nm and 
homogeneously anchored on EG interlayer. In summary, Fig. 3   FESEM image of expanded graphite

Fig. 4   SEM (a, b) and TEM (c, d) images of Ni(OH)2/EG composite. Inset image shows selected-area electron diffraction pattern
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the XRD, SAED, EDS, FT-IR, SEM and TEM meas-
urements indicate that deposits are amorphous nickel 
hydroxide nanoparticles. However, the particles exhibit 
a relatively large particle size, resulting in poor rate per-
formance and cycle life. Further research will be done to 
obtain smaller nickel hydroxide nanoparticles.

3.1 � Electrochemical performances of electrode 
materials

In order to certify high electrochemical performances of the 
Ni(OH)2/EG electrode, the capacitances are investigated 
using CV and GCD tests. Figure 5a displays CV curves 
of the electrode with various scanning rates (2–20 mV/s), 
where the potential window is fixed from 0.1 to 0.55 V. It 
can be observed that all CV curves show a couple of clear 
redox peaks, which derives from the following Faradic 
reaction:

Demonstrating that the charge storage is mainly ascribed 
to the pseudocapacitance resulted from the Faradaic reac-
tion. As noted, the anodic peak shows a remarkable diffu-
sion tail at 20 mV/s. The result indicates a relatively slow 
charge-transfer process [23]. Additionally, the Ni(OH)2/EG 
electrode was further investigated at varied current densi-
ties ranging from 1 to 10 A/g. As shown in Fig. 5b, the 
electrode displays a well-defined discharge potential plateau, 
suggesting an ideal reversibility. .Furthermore, the plots of 
the Cs versus current density (Fig. 5c) were collected for 
the purpose of revealing the high rate performance of elec-
trode. The Cs values were calculated to be 1719.5 F/g at the 
small current density of 1 A/g based on Eq. (2), while the 
capacitance still retains 68.7% (1181.3 F/g) at 10 A/g. The 
remarkable capacitance characteristic mainly derives from 
the synergistic effect between carbon material and transi-
tion metal hydroxides. Additionally, as-prepared Ni(OH)2/
EG electrode offers a particular layered structure., which 
greatly facilitates the rapid diffusion of ions to access the 
Ni(OH)2 nanoparticles. Moreover, the Ni(OH)2 nanoparti-
cles homogeneously anchored on the interfacial interactions 
between the EG sheets and CNTs via in-situ electrodeposi-
tion, thus providing efficient transport of electrons across 
the interfaces for fast Faradaic redox reactions to enhance 
capacitive performances [37].

The CV curves of AC electrode are shown in Fig. 6a, 
which present a nearly rectangular shape and well main-
tained even at 20 mV/s. The results indicate that the AC 
electrode has a typical double-layer capacitor behavior and 
fast electrolyte diffusion. The GCD curves with different 
current densities can be observed in Fig. 6b, showing a 
typical linear relationship between potential and time. The 

Ni(OH)
2
+ OH

−
↔ NiOOH + H

2
O + e

−

calculated Cs values of the electrode were 192.5, 173.7, 
159.6, 152.2 F/g at 1, 2, 5, 10 A/g based on their discharge 
time, respectively.
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3.2 � Electrochemical performances of ASC device

The assembled ASC device can obtain a stable electrochemi-
cal voltage of 1.6 V according to CV curves with 2 mV/s 
scan rate (Fig. 7a). The mass ratio of two electrodes was 
decided according to the following formula:

where m (g), Cs (F/g), ∆V (V) represent the mass of elec-
trode materials, specific capacitance and potential change 
during charge and discharge process, respectively. From 
Fig. 7b, the Cs of both negative and positive electrodes was 
obtained by discharge curves. The mass loading of negative 

(5)m+
/

m−
= Cs− × ΔV−

/

Cs+ × ΔV+

electrodes was 15.0 mg/cm2 according to the mass loading 
of positive electrode.

Figure 8a represents the schematic illustration of the 
assembled ASC, where two electrode materials and dia-
phragm are stacked into a sandwich-like structure. The 
CV curves of assembled ACS with various scan rates 
(5–60 mV/s) can be obtain from Fig. 8b, indicating a col-
lective contribution of double-layer capacitor behavior and 
pseudocapacitance. Besides, the CV profiles were nearly 
rectangular and symmetric even when the scan rates reached 
up to 60 mV/s, indicating a high rate capacity of the as-
constructed ASC [38]. As can be seen from Fig. 8c, the GCD 
profiles of ASC with different current densities show asym-
metric triangle patterns, revealing high coulombic efficiency 
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and efficient capacitive behavior. The Cs based on discharge 
curves was calculated according to Eq. (2). As shown in 
Fig. 8d, the ACS can deliver a Cs of 64.6, 57.7, 50.5, 41.1, 
and 32.5 F/g at 0.5, 1, 2, 5, 10 A/g based on the toll mass 
of two electrodes, respectively. The high rate performance 
with 60% capacitance retention was obtained with increas-
ing current density (0.5–10 A/g). It is worth noting that an 
outstanding energy density (32.3 Wh/kg) can be obtained 
when the power density reaches 504.7 W/kg based on the 
Eqs. (3) and (4). In addition, the assembled ACS can light 
up a red LED lamp (Fig. 8d inset).

The cycle stability of ASC was also evaluated by GCD 
test (5 A/g) for 1000 cycles. Figure 9a shows that 79% 
of its initial capacitance is maintained. The results pre-
sent an excellent stability of assembled ASC. In addition, 
EIS analysis is performed in order to evaluate electrical 

resistance. Figure 9b shows Nyquist plots of assembled 
ASC, which consisted of a semi-circle arcs and a straight 
line. At the high frequencies, the X-intercept represents 
the contact/electrolyte resistance (Rs), which is related to 
the contact resistance and ionic resistance. The Rs val-
ues are approximately 0.16 and 0.18 Ω before and after 
cycling, respectively, demonstrating increasing ohm resist-
ance after 1000 cycles. Besides, the diameter of the semi-
circle significantly increased, indicating a higher charge-
transfer resistance (Rct) because of collapsing of part of 
electro-active materials during the harsh redox reaction, 
which also affects the cycle stability of the ACS [39, 40]. 
In addition, the slope of the straight line does not change 
too much after cycling, revealing an ideal capacitor behav-
ior. All results show that the ASC device can demonstrate 
superior electrochemical performances.

0.0 0.3 0.6 0.9 1.2 1.5
-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15
(2)
(3)
(4)
(5)

(b)(a)

(d)(c)

0 100 200 300 400 500
0.0

0.4

0.8

1.2

1.6

(5) (4) (3) (2)

(2) 
(3) 
(4) 
(5) 

0 2 4 6 8 10
0

20

40

60

80

Fig. 8   a Schematic of the asymmetric supercapacitor (ASC) device 
composed of the Ni(OH)2/EG composite and AC electrodes. b CV 
curves of the ASC device at different scan rates. c GCD curves at dif-

ferent current densities of the ASC device. d Specific capacitances of 
the ASC device at various current densities. Inset image shows LED 
lamp



	 J Mater Sci: Mater Electron

1 3

4 � Conclusions

Low cost EG can be used as an effective carbon support. 
A facile in-situ electrodeposition method was adopted to 
synthesize a layered Ni(OH)2/EG composite electrode, dem-
onstrating a satisfactory initial Cs of 1719.5 F/g at 1 A/g, 
and remarkable rate capability (1181.3 F/g at 10 A/g). 
The high capacitive performances primarily derive from 
the synergistic effect of the layered Ni(OH)2/EG compos-
ite. Furthermore, the assembled AC//Ni(OH)2/EG device 
can deliver a prominent energy density of 32.3 Wh/kg at 
power density 504.7 W/kg, and long cycling lifespan with 
79% original capacitance after 1000 cycles at 5 A/g. These 
results indicate that the facile synthesized high-performance 
Ni(OH)2/expanded graphite electrodes could be applied for 
supercapacitors.
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