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Facile synthesis of Ni(OH), nanoarrays on
graphene@carbon fabric as dual-functional
electrochemical materials for supercapacitors and
capacitive desalinationy
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A high-performance Ni(OH), nanoarray on graphene (RGO)@carbon fabric nanocomposites with
hierarchical nanostructures were facilely synthesized, which involves (i) coating of graphene on a carbon
fabric; and (ii) in situ growth of Ni(OH), nanoarray on the graphene surface. It was found that Ni(OH),
nanoplates grew evenly on the surface of graphene without stacking. This unique structure of the
electrode material favors a higher electrochemical active site, endowing the enhancing capacity
performance. The morphology and microstructure of the as-prepared composites were characterized by
X-ray diffraction (XRD), transmission electron microscopy (TEM), and scanning electron microscopy
(SEM) techniques. Capacitive properties of the as-synthesized electrodes were studied via cyclic
voltammetry, charge/discharge, and electrochemical impedance spectroscopy in a three-electrode
experimental setup. Taking advantage of the unique structure of Ni(OH),/RGO@carbon fabric
nanocomposites, this material as dual-functional electrodes shows decent performance for both
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1. Introduction

The utilization of environmentally friendly energy resources
urges the development of energy storage devices with large
capacitance, high density and long life. Supercapacitors, as
promising candidates for energy storage devices, have unique
characters, such as high power density, long cycle life, and
small size, enabling them to be used as backup power sources in
portable electronic devices, pacemakers, and hybrid electric
vehicles.’” The high performance of the supercapacitors is
highly dependent on the rational design of novel electrode
materials, which requires maximizing the electrochemically
active sites of the electrodes, and this will benefit in facilitating
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great promise in large-scale energy storage device applications.

more efficient charge and mass transportations.® According to
the charge storage mechanism, supercapacitors can be divided
into two basic classes: electric double layer capacitance (EDLC)
and pseudocapacitance. Carbon-based materials are regarded
as typical EDLC supercapacitors as their capacitance depends
mainly on the specific area, and they always possess long cycle
life and good mechanical properties.” Meanwhile, metal oxides/
hydroxides (such as RuO,, MnO,, Co;0,, Ni(OH), and layered
double hydroxides (LDHs)) and conducting polymers (such as
polyaniline, polypyrrole and polythiophene) are usually
considered as pseudocapacitive active species.*>” These mate-
rials can deliver relatively high capacitance, which comes from
the redox process of the electrodes; however, their poor stability
because of structural degradation always hinders their practical
application.”* Therefore, efforts have been made to overcome
these drawbacks.

In recent years, graphene-based electrodes have received
increasing interest because of their excellent electrochemical
stability, good structural, electrical and mechanical proper-
ties.”® These studies mainly focus on the synthesis of binder-
free, free-standing and flexible electrodes by assembling gra-
phene (RGO) sheets into macroscopic RGO-based papers or
films.>*** However, the effective surface area of graphene
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materials is highly related to the layers, that is, fewer layered
without agglomeration is expected to exhibit higher effective
surface area. The irreversible agglomeration and restack of
graphene nanosheets led to a lower specific surface area of
graphene-based paper compared with exfoliated graphene
nanosheets. Therefore, numerous methods were developed to
enlarge the specific surface area of the pristine graphene. It is
found that incorporating carbon materials with pseudocapaci-
tive materials is helpful to relieve these problems. Among the
pseudocapacitive materials, Ni(OH), is one of the most prom-
ising candidates because of its low cost, environmental-benign
nature and high pseudocapacitive activity. So, synthesis
methods and morphologies of Ni(OH), have been developed to
improve the electrochemical properties.>** For example, Shen
et al. reported the synthesis discus-like Ni(OH), hierarchical
structure for supercapacitors,* and Li et al. prepared Ni(OH),
nanosheets as electrode materials for supercapacitors.” Among
them, Ni(OH), with an exploited structure and without any
surfactant demonstrated to be highly effective for high-
performance Ni(OH), electrodes.

In the present study, we demonstrated a novel structure
based on the graphene/Ni(OH), nanostructured carbon fabric
where solution exfoliated graphene nanosheets were first
coated on carbon fibers, serving as conductive three-
dimensional (3D) frameworks for the subsequent deposition
of Ni(OH), nanomaterials. Interestingly, a morphology trans-
formation between the as-synthesis of Ni(OH), flower and
Ni(OH), nanoarray decorated on graphene hierarchical nano-
structured was observed, implying the exploitation of Ni(OH),
and in favor of improving the electrochemical surface area.
These hierarchical 3D networks not only permitevenly exploi-
ted growth of graphene and Ni(OH), but also facilitate the
access between electrolytes and electrodes. Besides, this
binder-free synthesis method will further improve the
conductivity of the electrode. Furthermore, its performance as
potential electrode materials has been less developed. These
graphene/Ni(OH), hierarchical nanostructures based on
carbon fibers had improved capacitive performance compared
to Ni(OH), flowers.

2. Experimental

2.1. Preparation of Ni(OH), nanoflower and graphene/
Ni(OH),@carbon fiber hierarchical nanostructures

All the chemical reagents used in the experiments were ob-
tained from commercial sources as guaranteed-grade reagents
and used without further purification.

Ni(OH), nanoflowers were synthesized by the hydrothermal
method. In a typical synthesis, 0.27 g Ni(NO3),-6H,0 was dis-
solved in a solvent mixture containing 25 mL of deionized water
and 1 mL of ethylene glycol to form a transparent solution via
magnetic stirring, and then 0.24 g of urea was added to the
mixed solution. After stirring for about 0.5 h, the mixture was
transferred to a Teflon-lined stainless steel autoclave and
heated at 160 °C for 12 h in an oven. The solid product was then
collected, washed with deionized water and ethanol several
times, respectively, and then dried in an oven at 60 °C for 8 h.
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The synthetic procedure of graphene/Ni(OH),@carbon fiber
hierarchical nanostructures was as follows: (1) carbon fiber was
ultrasonicated and soaked in a 1 M HNO; solution for 24 h, then
washed with water and ethanol several times, followed by drying
in an oven at 40 °C for 8 h, and finally recording the mass of the
carbon fiber; (2) graphene oxide (GO) was prepared from natural
graphite powder through a modified Hummers' method,*" and
the as-synthesis of graphene oxides (GO) was ultrasonicated for
further use; (3) 10 mL of GO (1 mg mL ™) solution was added to
a mixture of 5 mL ethylene glycol and 10 mL deionized water,
stirred for 2 h, and then transferred to a Teflon-lined stainless
steel autoclave that was heated at 160 °C for 12 h. During this
process, GO could be reduced to RGO, whereby the coat outside
the carbon fibers were washed with water and ethanol, dried at
40 °C for 8 h, and the final mass was recorded (denoted as
graphene@carbon fiber (RGO/CF)) (4) the graphene/
Ni(OH),@carbon fiber was synthesized using a similar method
as Ni(OH), nanoflowers, except for the addition of the as-
synthesized graphene@carbon fiber. The products were
washed with water and ethanol, dried at 60 °C for 8 h, and the
final mass recorded (graphene/Ni(OH),@carbon fiber (RGO/
Ni(OH),@CF)). The total mass loading of graphene/Ni(OH), on
the copper foam substrate was about 2.3 mg.

2.2. Material characterizations

The X-ray Diffraction (XRD) patterns of samples were collected on
a Rigaku D/max-2400 diffractometer, operated at 40 kV voltage
and 200 mA current using Cu Ko radiation (I = 1.5418 A). The
morphologies were analyzed via Hitachi H-800 transmission
electron microscopy (TEM) and scanning electron microscopy
(SEM, Hitachi S-3000N) techniques.

2.3. Electrochemical measurements

All the electrochemical measurements were carried out in
a conventional three-electrode system in a 6 M NaOH aqueous
electrolyte at room temperature. The as-synthesized Ni(OH),/
RGO@CF, a platinum wire electrode and a silver chloride
electrode (Ag/AgCl) were used as the working electrode,
counter electrode and reference electrode, respectively. The
electrochemical performances of the as-prepared material
electrodes were tested via cyclic voltammetry (CV), galvano-
static charge/discharge and electrochemical impedance spec-
troscopy (EIS) on an electrochemical workstation (CHI 660D,
Shanghai CH Instrument Company, China). The measure-
ments were carried out in a 6 M NaOH aqueous electrolyte at
room temperature. CV tests were done between 0 V to 0.5 V (vs.
Ag/AgCl) at scan rates of 2, 10, 20, 40, 50 and 100 mV s~ "
Galvanostatic charge/discharge curves were measured in the
potential range of 0-0.4 V at different current densities, and
the EIS measurements were carried out in the frequency range
from 100 kHz to 0.5 Hz at open circuit potential with an ac
perturbation of 5 mV.

2.4. Electrosorption experiment

The removal of NaCl was measured using a continuously recy-
cling system that consists of a peristaltic pump, a CDI unit cell,
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a power supply and a conductivity monitor. In the experiment,
the NaCl concentration was fixed at 164.7 mg L™ at various
voltages ate a flow rate of 10 mL min~" in 30 min at room
temperature, and the conductivity was recorded.

In this experiment, the salt removal capacity (mg g~ ') was
defined as below:

(Co—C)V

Ir=

m
where C, and C. (mg L") is the initial and final concentrations
of NaCl, V is the volume of NaCl (L), and m is the total mass of

both electrodes (g).

3. Results and discussion

The formation of Ni(OH),/RGO®@CF can be explained as follows
(Scheme 1): first, GO was adsorbed on the treated carbon fibers.
Then, via the hydrothermal method, the graphene/carbon fiber
can be obtained, followed by the second step of growth of
Ni(OH), nanosheets on the graphene/carbon fiber. Powder XRD
patterns of Ni(OH), and RGO/Ni(OH),@CF nanocomposites are
shown in Fig. 1. It is clearly seen that the diffraction peaks at
19.5°, 33.6°, 39.0°, 52.7°, 60.0°, 63.6°, 70.8° and 73.7° in the
composites can be attributed to the characteristic reflections of
(001), (100), (101), (102), (110), (111), (103) and (201) crystalline
planes of Ni(OH), (JCPDS no. 14-0117), respectively."* Moreover,
for the XRD spectrum of Ni(OH),/RGO@CF nanocomposites,
some of the peaks of Ni(OH), are not as clear as those of pure
Ni(OH), because of the sharp peaks of carbon fibers. Also,
diffraction peaks corresponding to graphene and carbon fibers
(at ~25° and ~43°) were observed.

The morphologies of Ni(OH),, RGO@CF and RGO/
Ni(OH),@CF nanocomposites were characterized by TEM and
SEM measurements, as shown in Fig. S11 and 2. The TEM
images of Ni(OH), (Fig. S1) indicate that this nanomaterial
showed a uniform flower-like structure, which aggregated
randomly by nanosheets with wrinkles, thus corresponding to
the SEM images of Ni(OH), in Fig. 2(a)-(c). Fig. 2(d)—(f) present
the SEM images of RGO@CF with different magnified RGO
coated on the surface of carbon fibers with the exfoliated
transparent sheet structure. For Ni(OH),/RGO®@CF hierarchal
nanocomposites, the Ni(OH), nanosheets that are different
from the self-assembled pure Ni(OH), nanoflowers, Fig. 2(g)-(i),
decorated on the surface of RGO@CF without stacking (Fig. 2b).
This structure endowed Ni(OH),/RGO@CF nanocomposites
with a higher active electrochemical surface area.

The electrochemical performances of the obtained Ni(OH),
and Ni(OH),/RGO@CF nanocomposites were investigated in

[ |
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HNO; V 4"?«
Hydrothermal Hydrothermal

Scheme 1 The synthesis of Ni(OH),/RGO@CF.
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Fig.1 XRD of CF/RGO Ni(OH), and Ni(OH),/RGO@CF.

a three-electrode cell with 6 M NaOH by CV, charge/discharge
and EIS measurements. Fig. 3(a) and (b) show the typical CV
curves of Ni(OH), and Ni(OH),/RGO@CF nanocomposites
electrodes at various scan rates ranging from 2 mV s~ ' to
100 mV s~ ' between 0 to 0.5 V (vs. Ag/AgCl), respectively. It is
seen that there exists a pair of redox peaks corresponding to the
pseudocapacitive behavior of Ni(OH),. Also, it is apparent that
the Ni(OH),/RGO@CF nanocomposites compared with the pure
Ni(OH), electrodes showed a higher integrated surface area due
to the contribution of electric double-layer capacitance from
graphene and pseudocapacitance capacitance from Ni(OH),.
With the increasing scan rates, it is clear that the reduction and
oxidation peaks exhibited a slight shift, corresponding to higher
reversibility.

Fig. 4 further shows the galvanostatic charge-discharge
(GCD) performance of Ni(OH), and Ni(OH),/RGO@CF. The
GCD tests were conducted in 6 M NaOH within a voltage range
of 0-0.4 V at various current densities ranging from 1 to
10 A g~ *. The mass capacitance for a nonlinear discharge curve
resulted from the pseudocapacitance of Ni(OH),, corresponding
to the CV curves. The specific capacitances (Cs) of the electrodes
can be calculated according to the following equation:

It
(4V)m

C, =

where m (g) is the mass of the active material in the electrode, I
(A) is the discharge current, AV (v) is the potential window, ¢ is
the discharge time, and C; (F g~ ') is the specific capacitance.
As shown in Fig. 4(a) and (b), the specific capacitance of
Ni(OH),/RGO®@CF nanocomposites were higher than Ni(OH),,
which was in good agreement with the trend of CV curves. The
specific capacitance of the Ni(OH),/RGO@CF composites was
calculated to be 1325, 986, 862, 790, 753 and 612 F g’1

1Ag "' to10 Ag ' for the first cycle, respectively, which are
higher than pristine Ni(OH), at any current density (560, 498,
462,434,413 and 338 Fg 'at 1 Ag ' to 10 A g ). Also, the
results are even higher than the former reported rGO/Ni(OH),/

PANI 514 F g ~' at 2 A g ' current density** and three
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Fig. 2 The morphologies of Ni(OH), nanoflowers (a—c) RGO@CF (d—f) and Ni(OH),/RGO@CF (g—i) with different magnifications.

dimensional Ni(OH),/rGO hydrogel with the highest capaci- rate capability of these two electrodes was investigated, as
tance of 532 F g~ 1.3 shown in Fig. 4(c) and (d). For both electrodes, the capacitance

This suggests that about 53.8% of the specific capacitance was more stable from the current density of 2 A g~*, which may
value at 1.0 A ¢! was maintained when the current density be caused by impurities at the surface of the electrodes at the
increased to 10 A g~ for Ni(OH),/RGO@CF composites. The start of the experiments. However, they tend to be stable at the
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Fig. 3 The CV curves of Ni(OH), (a) and Ni(OH),/RGO@CEF (b) in 6 M NaOH at different scan rates.
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Fig. 4 Galvanostatic charge—discharge curves of Ni(OH), (a) and Ni(OH),/RGO@CF (b); rate-capability test for Ni(OH), (c) and Ni(OH),/RGO@CF

at various current densities (1-10 A g3 (d).

second cycle from 1 to 10 A g~ *. Besides, at the same current
density, they all showed a low decrease of the capacitance,
which indicates good rate capability of the electrodes and the
capacitance of Ni(OH),/RGO@CF was higher than Ni(OH), at
each current density. The enhancement of the Ni(OH),/
RGO@CF capacitance can be attributed to the combination of
the EDLC of RGO and the faradaic pseudocapacitance of
Ni(OH), nanosheets and the unique hierarchical structure of
the electrodes.
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Fig. 5
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Fig. 5(a) displays the Nyquist plots of Ni(OH), and Ni(OH),/
RGO®@CF composite electrodes. The Nyquist plot spectrum can
reflect the conductivity and the ion diffusion performance of
electrodes. Usually, the Nyquist plot can be divided into three
regions. In the high-frequency region, the intercept of the real
axis indicates a combined resistance (R;), which is produced by
the bulk resistance of the electrodes, a contact resistance
between the current collector/electroactive material and elec-
trolyte. The semicircle relates to the charge transfer resistance

(b) 1004

80 -
;\: —a— Ni(OH)
~ 60 - 2
g —a— Ni(OH),/RGO@CF
£ J
=
% 40 -
&
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o T T T T
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(a) Nyquist plots of Ni(OH), (a) and Ni(OH),/RGO@CEF, (b) cyclic stability of Ni(OH), (a) and Ni(OH),/RGO@CF electrodes.
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Fig. 6 The CDI performance of Ni(OH),/RGO@CF nanocomposites.

(Rey) caused by faradaic reactions and the double-layer capaci-
tance that corresponds to the diameters of the semicircle and is
related to the conductivity of the material.*” It can be seen that
a smaller diameter of the semicircle was found for Ni(OH),/
RGO@OCF, indicating that it offers a faster charge transfer, thus
ensuring high capacitive performance. The line in low
frequency represents the quick ion diffusion in electrolyte and
the adsorption onto the electrode surface, and the nearly
vertical line for Ni(OH),/RGO®@CF represents the electrolytes
that can be diffused in the host materials facilely. Therefore, the
low resistance of Ni(OH),/RGO@CF is essential for improving
the capacitance, which is supported by the simulated equivalent
circuit results (Table S1t). Cyclic stability is an important
parameter for supercapacitor electrodes. The cycling perfor-
mances are provided in Fig. 5(b). Due to the combination of
graphene, the Ni(OH),/RGO@CF electrodes showed higher
stability compared with pure Ni(OH),.

In addition, the nanocomposites as potential electrodes for
CDI were explored. The CDI performance of Ni(OH),/RGO@CF
was investigated in NaCl solution with various voltage concen-
trations. Fig. 6 shows the desalination performance of the
electrodes at different voltages in the range of 0.4-1.5 V. As
calculated, the adsorption amount of NaCl was enhanced with
an increase in the potential, and the highest adsorption of
Ni(OH),/RGO@CF reached was 11.5 mg g ' at 1.5 V. Moreover,
the performance was better than that of our formerly reported
RGO/CF.*

4. Conclusion

A high-performance Ni(OH), nanoarray on RGO@carbon fabric
nanocomposites with hierarchical nanostructures was fabri-
cated by a two-step method. The unique structure provides
Ni(OH), nanosheets a high conductivity current collector that
helps to lower the resistance. Then, the Ni(OH), nanoarrays
grow further on the collector with a separated structure, which
endows a higher electrochemical active site. By employing the
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above, RGO/Ni(OH),@carbon fabric nanocomposites delivered
a higher capacitance (1325 F ¢ ' at 1 A g~ '), and the electro-
sorption capacity of this electrode was 11.5 mg g~ ' with an
electrical voltage of 1.5 V. This Ni(OH),/RGO®@carbon fabric
nanocomposites can be a candidate electrode for efficient CDI
process in brackish water desalination and supercapacitor.
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