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A small specific surface area and poor conductivity often limit the supercapacitor performance of metal
oxide materials. In this work, we fabricated a nanocomposite based on NiO nanosheets with controllable
size and thickness on carbon cloth (CC) by a cost-effective and scalable chemical precipitation method.
The ultrathin nanosheets are coated on the CC with a diameter of 400 nm, showing a large specific
surface area. The sample as a supercapacitor electrode displays a high specific capacitance (600.3 F g~*
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at 1 A g7, great rate capability and excellent long-term cycling life (98.1% after 3000 cycles). These

great performances are attributed to the free-standing structure of the NiO nanosheets on the CC and
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1 Introduction

Supercapacitors have been regarded as one of the promising
candidates to meet the rising desire for solving the problem of
energy shortage. They have higher power density than batteries,
higher energy density than conventional electrostatic capaci-
tors, fast charge and discharge rate and long service life."”
Electrode materials are the key part of supercapacitors with
high performance. Metal oxides and hydroxides, such as RuO,,®
Ni(OH),, NiO,” MnO,,* and Co0;0,,° are promising electrode
materials due to their high theoretical specific capacitance,
high chemical and thermal stability and ready availability.****
Among the investigated electrode materials, Ni(OH), and NiO
draw much attention for their high capacitance and low cost
nature.'>*

The theoretical specific capacitance of Ni(OH), and NiO are
2584 F g ' and 2082 F g ', respectively.’* However, small
specific surface area results in their relatively poor pseudoca-
pacitance performance. More and more researches are settling
down to design nanostructures to increase the specific surface
area so that more redox reactions can be obtained.”* Meher'® et
al. prepared nano-porous NiO samples with specific surface
area up to 244 m> g~ ' by a simple hydrothermal method under
homogeneous precipitation conditions using cetyltrimethyl
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the intimate contact of the NiO and CC. Also, an all-solid-supercapacitor was assembled to prove the
possible prospects of the materials for flexible devices.

ammonium bromide (CTAB) as the template, which showed
a specific capacitance of 279 F g~ ' at a scan rate of 5 mV s~ .
Chai' et al. obtained flower-like porous Ni(OH), by thermal
decomposition of the precursor. The precursor was prepared by
a hydrothermal process with hexamethylenetetramine and
polyethylene glycol as hydrolysis-controlling agent and surfac-
tant, respectively. The product exhibited a specific surface area
of 72 m” g~ " and a specific capacitance of 340 F ¢~ ' at a current
density of 1 Ag ™. Therefore, designing nanostructured Ni(OH),
and NiO with high specific surface area would obtain high-
performance supercapacitors. Ultrathin sheets of Ni(OH), and
NiO could increase the density of active sites in the materials,"®
obtaining a better pseudocapacitance performance.

Rate capability is a significant factor to evaluate an electrode
material. The sharp fall of electrode material's specific capacity
at high scan rate or current density limits the application of
Ni(OH), and NiO in market." Sun® et al. prepared the NiO
nanosheets by thermal treatment of porous Ni(OH), sheets,
while the specific capacitance retained only 44.8% when the
current density from 3 A g " to 15 A g~ . Hui' et al. obtained
flower-like porous NiO by thermal decomposition, displaying
a high specific capacitance of 340 F g~ ' at a current density of 1 A
¢~', but only 121 F g~ with retention of 35.6% at 10 A g~ *. This
is due to the poor conductivity of the Ni(OH), and NiO. And at
high scan rate, the feature is more pronounced, causing a sharp
reduction of the utilization of electrode materials."*" At the
same time, the structure is inclined to collapse with the reac-
tions.”” Inducing a substrate with good electric capability is an
effective way to improve the rate capability.”>** Carbon-based
materials have been widely investigated as electrode substrates
for their good electrical conductivity and remarkable mechanical
properties. Carbon cloth (CC) stands out for high electrical
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conductivity, low density and a three-dimensional network for
effective electrolyte diffusion. Moreover, the great flexibility of
the CC provides the possibility in the application of flexible
electronic devices. In situ synthesis is directly growing active
materials in the substrates without the addition of conductive
agent and agglomerants, which will avoid the problem of
increased weight and deteriorated electrochemical performance.
In general, designing nanostructured Ni(OH), or NiO with
high specific surface area on the CC could acquire a free-
standing and bind-free flexible electrode material with great
pseudocapacitance performance. In this work, the NiO nano-
sheets coated CC can be used as electrode directly. We obtained
the different sized NiO nanosheets on the CC with different
Ni(NOj3), concentration solution. The specific capacitance of the
CC coated with ultrathin NiO nanosheets with the diameter of
400 nm is remarkably higher than the others. At the same time,
the electrode has good rate ability and long-term cycle life.
Moreover, an all-solid-supercapacitor was assembled, showing
a remarkable electrochemical performance, indicating the
prospect of the materials for application in flexible devices.

2 Experimental

2.1 Preparation of conformally coated NiO nanosheets
carbon cloth

The CC (1 x 3 cm, 0.036 g) was soaked in the mixture of
concentrated HNO; and H,SO,; (Vuno, : Via,so, = 3:1) with
a three necks flask refluxing at 80 °C for 3 h, and then the ob-
tained CC was cleaned with a large number of water, ethyl
alcohol and acetone. 4 mmol NH,F was dissolved in 40 mL
Ni(NOj3), solution with different concentration of 0.002, 0.004
and 0.008 mol L. Fig. 1 shows the schematic illustration for
the synthesis of CC conformally coated NiO nanosheets. The
mixture was vigorously stirred at 25 °C for 30 minutes until
a homogeneous solution was obtained. Then a piece of CC put
in and 2 mL ammonia dropwise added with the solution stir-
ring. The solution containing a piece of CC was then transferred
into a Teflon-lined stainless-steel autoclave and maintained at
150 °C for 6 h. After cooled down to room temperature, the CC
was rinsed several times with deionized water and ethanol with
the assistance of ultrasonication, and dried at 80 °C for 8 h.
Then, the obtained sample after hydrothermal reaction was
further calcined at 450 °C under the N, atmosphere. The optical
pictures of pure CC, Ni(OH), coated CC and NiO coated CC are

a d Calcination

Nickel Nitrate
NH,F

b . <
Nickel Nitrate ~~ Ammonia  Conformally coated
NH,F Solution  Ni(OH), nanoflakes
carbon cloth

Carbon cloth

Fig. 1 Schematic illustration for the synthesis of CC conformally
coated NiO nanosheets (a—d) and optical image of pure CC (e), CC
after the hydrothermal reaction (f) and CC after the calcination (g).
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shown in the Fig. 1e-g. The samples obtained on solution with
different Ni(NOj3), concentrations of 0.002, 0.004 and 0.008 mol
L~ " were denoted as CCN1, CCN2 and CCN3, respectively. The
weight of nanosheets coated on CC could be determined by
measuring the weight difference of the CC before the hydro-
thermal reaction and after the calcination.

2.2 Preparation of non-conformal NiO nanosheets on
carbon cloth

4 mmol NH,F was dissolved in 45 mL 0.004 mol L' Ni(NOs),
solution. The mixture was vigorously stirred at 25 °C for 30
minutes until a homogeneous solution was obtained. 2 ml
ammonia dropwise added with the solution stirring. The solu-
tion was then transferred into a Teflon-lined stainless-steel
autoclave and maintained at 150 °C for 6 h. After cooled down
to room temperature, the sample was rinsed several times with
deionized water and ethanol with the assistance of ultra-
sonication, and dried at 80 °C for 8 h. Then, further calcination
was performed at 450 °C under the N, atmosphere. The ob-
tained powder was mixed with carbon black and poly-
fluortetraethylene (PTFE) with the weight ratio of 80:10: 10
and stirred until the homogeneous slurry was obtained. The
slurry was pasting on the surface of the CC, and then dried in
a vacuum at 80 °C for 8 h. The loading mass of the active
material on the carbon cloth was calculated by the mass
difference of the carbon cloth before pasting and after drying.

2.3 Characterization

X-ray diffraction (XRD) patterns of all the samples were recor-
ded with Bruker D8-advance with Cu Ko radiation (4 = 0.15406
nm) to characterize the phase structures. The morphology of the
products was examined by scanning electron microscopy (SEM,
JSM-7001F). The specific surface area and the pore size distri-
bution were evaluated from N, adsorption-desorption analysis
at 77 K on JW-BK 122 W. The specific surface area was achieved
by the Brunauer-Emmett-Teller (BET) method. The pore size
distribution was measured from the desorption plots by the
Barrett-Joyner-Halenda (BJH) analysis.

2.4 Electrochemical tests of as-prepared electrode materials

To examine the capacitive performance of the electrodes, cycle
voltammetry (CV), galvanostatic charge-discharge (GCD) and
electrochemical impedance spectroscopy (EIS) measurements
were carried out by CHI660E using the three-electrode cell
configuration in 2 M KOH electrolyte at room temperature. The
samples were acted as a working electrode, a Pt sheet electrode
and a saturated calomel electrode (SCE) as the counter and the
reference electrodes, respectively. The LAND was used to test
the stability of the NiO coated CC electrode at the current
density of 2 A g™,

The CV curves of the samples were measured at the scan rate
from 5 mV s™" to 20 mV s~ between 0-0.5 V. GCD investiga-
tions of the electrodes were performed between 0-0.5 V at
different current densities from 0.5 A g ' to 10 A g~ '. The EIS
measurements were carried out in the frequency range from 100
kHz to 0.01 Hz.

This journal is © The Royal Society of Chemistry 2017
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2.5 Electrochemical tests of all-solid-supercapacitors

First, the PVA/KOH gel electrolyte was made for flexible super-
capacitor tests. 3 g PVA was added in 30 mL deionized water
under stirring. The mixture was heated to 80 °C under vigorous
stirring until a clear solution was obtained. Then 1.5 g KOH was
added into the solution and stirred for 30 min. Then two piece
of CCN2 were dipped into the PVA/KOH solution for 5 min. The
CCN2 electrodes with a thin PVA/KOH coating were left at room
temperature to vaporize the excess water. After that, two piece of
CCN2 electrodes were pressed together, using a plastic sheet as
packing shell. Thus, an all-solid-state flexible symmetric
supercapacitor was obtained, which was named as SSC.

The areal capacitance (C,, mF cm™?) and volumetric capac-
itance (Cy, mF cm °) of the symmetric supercapacitor were
calculated from the galvanostatic charge-discharge (GCD)
curves according to eqn (1)*° and (2), respectively:

IAt

R ING (1)
C

= @)

where C, (mF cm™?) is the areal capacitance, I (mA) is the
discharge current, At (s) is the discharge time, S (cm?) is the
total area of the supercapacitor electrodes and AV (V) is the
potential change during the discharge process, Cy (mF cm™?) is
the volumetric capacitance of the symmetric supercapacitor, &
(0.030 cm) is the thickness of the CCN2 electrode, which can be
measured by the vernier caliper.

The CV curves of the SSC were measured at the scan rate
from 5 mV s™' to 100 mV s~ between 0-0.5 V. GCD investiga-
tions of the electrodes were performed between 0-0.5 V at
different current densities from 1 to 5 mA cm™ 2. The long-term
electrochemical stability of the SSC was tested at the current

density of 2 mA cm 2,

3 Results and discussion

To determine the phase of the NiO nanosheets on the CC and
NiO powder, XRD measurement was performed. As shown in
the Fig. 2, both the CCs after the hydrothermal reaction and the
calcinations. Exhibit a broad peak around 24°, which is
assigned to the typical amorphous structure of carbon of CC.
Other diffraction peaks in the red curve can be assigned to the
B-Ni(OH), phase, corresponding to (001), (100), (101), (102),
(110), (111), (103) and (201) planes (JCPDS card no. 74-2075),
respectively. No characteristic peaks of impurities are observed,
indicating the high purity of the obtained Ni(OH),. After the
calcinations, the peaks corresponding to (111), (200), (220),
(311) and (222) planes of cubic NiO (JCPDS card no. 47-1049)
appear, and the XRD peaks of B-Ni(OH), disappear, indicating
the pure NiO nanosheets had been obtained on the CC after
calcination. The peaks of black curve are all corresponding to
the peaks in the JCPDS card no. 47-1049, suggesting pure NiO
powder was obtained.

To control the size and thickness NiO nanosheets, different
concentrations of Ni(NO3), solution of 0.002, 0.004 to 0.008 mol

This journal is © The Royal Society of Chemistry 2017
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Fig.2 XRD patterns of samples: (a) NiO nanoflowers; (b) CCN2 before
calcination; (c) CCN2.

L' were prepared in the hydrothermal reaction and final
weights of NiO nanosheets growing on CC were 0.5 mg, 1.0 mg
and 1.5 mg, respectively. The surface color of the CC changed
from black to green after the hydrothermal reaction (Fig. 1f),
because Ni(OH), nanosheets produced. Then the color of CC
changed to blackish green after the calcinations (Fig. 1g) for
Ni(OH), changed to NiO. When the concentration of Ni(NOj;),
solution is 0.002 mol L™, the ultrathin nanosheets on the
surface of the CC exhibit diameter about 200 nm and thickness
about 25 nm (Fig. 3a). The sheets on the CC are too few to cover
the surface. The ultrathin nanosheets are uniformly growing on
the surface of CC when the concentration of Ni(NO;), solution
increased to 0.004 mol L' (Fig. 3b). It can be seen that the
average diameter of the NiO nanosheets increases to about
400 nm, but the thickness keep almost invariant. The NiO
nanosheets are closed packed and vertically aligned on the
surface, which will ensure the NiO nanosheets contact to the CC
sufficiently. When the concentration of Ni(NO;), solution is
increased to 0.008 mol L™ ", ultrathin nanosheets are overlapped
together (Fig. 3c). As a result, the weight of the NiO nanosheets
on the surface of CC increases apparently. At the same time, the
diameter of the nanosheets also increases, and even up to 1 pm.
Under the same experiment conditions of preparing CCN2
without CC, NiO nanoflowers were obtained (Fig. 3d). Without
the supporting of CC, the NiO nanosheets gather together
forming a bulb-like flower, and the size of the petal is several
times of the nanosheets for CCN2. The average diameter of the
nanoflowers is about 2 um. The CC acted as the skeleton to
support the Ni(OH), nanosheets synthesized in the hydrothermal
reaction. Ni(OH), nanosheets combine with the CC via the
chemical bond of X-Ni. X is the active functional group on the
surface of CC.*® Thus, after calcinations NiO nanosheets show
different morphology with and without the CC in the reaction.
The BET surface areas of different NiO nanosheets were
calculated by the BET measurement. And the porous charac-
teristics were performed by BJH measurements by the N,
adsorption-desorption, as shown in Fig. 4. Both the N,

RSC Adv., 2017, 7, 23143-23148 | 23145
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Fig. 3 SEM images of CNNL1 (as, a, and as), CNN2 (by, b, and bs), CNN3 (c;, ¢, and cz) and NiO nanoflowers (dy, d> and ds) in different

magnifications.

adsorption-desorption isotherms of the CCN1, CCN2, CCN3
and NiO nanoflowers are containing a hysteresis loop corre-
sponding to the type IV curve, indicating the mesoporous
structure of the NiO nanosheets. The BET surface of the CC,
CCN1, CCN2 and CCN3 are calculated to be 0.34, 7.03, 17.20
and 11.75 m> ¢~ (normalized by the total mass of the elec-
trode), respectively. The BET surface of NiO nanoflower is
calculated to be 91.52 m* g~'. When we just consider of the
weight of NiO on the CC, the BET surface of the nanosheets on
CCN1, CCN2 and CCN3 are even calculated to be 167.59, 219.52
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Fig. 4 Nitrogen adsorption/desorption isotherms (a) and pore size
distribution patterns (b) of CCN1, CCN2 and CCN3. Nitrogen
adsorption/desorption isotherm (c) and pore size distribution pattern
of NiO nanoflowers (d).
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and 103.02 m” g, respectively.”” The specific surface area of
ultrathin nanosheets on CCN2 is much larger than that on
CCN1 and CCN3. The pore size distribution patterns were
measured from the desorption branch of the isotherms. The
curves show the average pore diameters of CCN1, CCN2, CCN3
and NiO nanoflower are 4.80 nm, 4.82 nm, 5.71 nm and
5.74 nm, respectively. The pore size distribution of CCN1,
CCN2, CCN3 and NiO nanoflowers mainly center in the range of
3to6nm, 3 to6nm,4to6nmand 4 to 8 nm, respectively. Pore
sizes of four samples are all in the mesoporous region, which is
beneficial to the fast-transmission of the ions in the electro-
lyte.”® Comparing to the NiO nanoflowers, the NiO nanosheets
have larger specific surface area and smaller pore size. As
described above, the CC conformally coated by NiO nanosheets
with high BET surface area has been controllable synthesized.

The electrochemical redox processes in the samples were
examined through cyclic voltammetry. The CV curves of CCN1,
CCN2, CCN3 and NiO nanoflowers at a scan rate of 20 mV s~ *
are shown in Fig. 5a. Four curves all contain a pair of redox
peaks, implying that the capacitive characteristics of samples
are governed by faradic redox reaction. The reaction is mainly
originated from the faradic reactions related to Ni-O/Ni-O-OH,
as the formula (3):*°

NiO + OH™ < NiOOH + e (3)

The CV curve of CCN2 shows largest area. It can be inter-
preted that the NiO nanosheets on CCN2 have biggest BET
surface, containing more active sites to introduce more redox
reactions. At the same time, CCN3 and CCN1 have better
performance than NiO nanoflowers. With the supporting of CC,

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The electrochemical performance of samples in 2 M KOH. (a) CV curves of CCN1, CCN2, CCN3 and NiO nanoflowers at scan rate of
20 mV s (b) CV curves of CCN2 at different scan rates. (c) GCD curves of CCN1, CCN2, CCN3 and NiO nanoflowers at current density of 1A g™
(d) GCD curves of CCN2 at different current densities. (e) Nyquist plots of CCN1, CCN2, CCN3 and NiO nanoflowers in the frequency range of
100 kHz to 0.01 Hz. (f) Retention of specific capacitance with the cycle number at a current density of 2 A g=* of the CCN2.

NiO nanosheets on the CC have bigger BET surface. And the NiO
nanosheets on the CC contact to the electrolyte sufficiently,
facilitating the electron transmission between the electrode and
active materials.* As shown in Fig. 5b, the CV curves of CCN2 at
different scan rates exhibit the well-defined pair of strong redox
peaks. The electrode presents well-defined reversible reduction
and oxidation process and the redox current increases clearly
with the scan rate increasing. At the same time, there shows
a slight shift in both cathodic and anodic peak potentials,
indicating the little increase of the internal diffusion resistance
within the ultrathin nanosheets on the CCN2.**

GCD curves of the four samples between 0-0.5Vat1Ag "are
shown in the Fig. 5c. Corresponding to the GCD curves, CCN2
exhibits the specific capacitance of 600.3 F g~ !, CCN1, CCN3 and
NiO nanoflowers only show the specific capacitance of 260.3 F
g7', 404.2 F ¢! and 228.6 F g, respectively. The highest
capacitance of CCN2 is contributed by the largest specific
surface area, and the result consists with CV curves. Further
GCD investigation of the CCN2 between 0-0.5 V at different
current densities are shown in Fig. 5d. The specific capacitances
of the electrode at 0.5,12, 5,and 10 Ag™ " are 614.1, 600.3, 570.4,
527.0 and 456.0 F g~ ', respectively. The capacitance retention at
10A g 'isstill 75.9% of thatat 1 A g~ ', demonstrating the CCN2
electrode exhibits good rate capability. This is mainly because
the NiO nanosheets on CCN3 can contact to the CC more
sufficiently, shortening the electron transmission distance. This
is mainly due to the close contact between the NiO nanosheets
and CC, as well as the great conductivity of CC, resulting in fast
electron diffusion at high current density.

The EIS measurements were performed in the frequency
range from 100 kHz to 0.01 Hz to further confirm the enhanced
electrochemical performance of the ultrathin NiO nanosheets

This journal is © The Royal Society of Chemistry 2017

coated CC. Fig. 5e shows Nyquist plots of EIS spectra of the four
samples. Nyquist plots exhibit the similar shape. The diameter
of capacitive loop in high-frequency region is attributed to the
charge transfer resistance. The diameter of capacitive loop for
CCN1, CCN2 and CCN3 electrode are much smaller than that for
NiO nanoflower. This low charge-transfer resistance is attributed
to the great conductivity of CC, facilitating the electron trans-
port. In addition, each NiO nanoflake on the CC has its own
electrical contact with the electrode. The high-frequency inter-
cept of the capacitive loop on the real axis yields corresponds to
the bulk solution resistance. CCN1, CCN2 and CCN3. The
steeper lines in low-frequency indicate the electrode reactions
are affected by diffusion resistance of the sample to some extent.

To study the long-term electrochemical stability of the CCN2,
the LAND was used to test the stability of the CCN2 electrode at
the current density of 2 A g~ '. Fig. 5f shows that the capacitance
retention ratio approached 98.1% after 3000 cycles, indicating
the outstanding stability of the electrode.

To further evaluate the flexibility of the electrode, an all-
solid-state supercapacitor was prepared. The CV curves
(Fig. 6a) of SSC exhibit rectangular-like shape. Fig. 6b shows the
GCD curves of SSC at different current densities. The Cu
calculated by the GCD curves are 34.3, 29.6 and 27.3 mF cm™ 2 at
the current densities of 1, 2 and 4 mA em™>, respectively. The
corresponding Cy could reach 1143.33, 986.66 and 910.00 mF
em?, respectively. Capacitance retention of SCC at 1 mA cm >
bending for 90° and 180° were shown as Fig. 6¢. After bending,
the capacitance fluctuation is less than 5%, implying the
potential application in flexible storage field. The specific
capacitance retention of the SSC decays about 12.8% after 300
cycles (Fig. 6d). The insert shows the specific capacitance
retention of the SSC under bending for 180°. The specific

RSC Adv., 2017, 7, 23143-23148 | 23147
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Fig. 6 The electrochemical performance of SSC. (a) CV curves of SSC
at different scan rates. (b) Galvanostatic charge—discharge curves of
SSC at different current densities. (c) Capacitance retention at 1 mA
cm™2 of SCC bending for 90° and 180°. The insert shows the optical
pictures of SCC bending for different angles. (d) Cycling performance
of SSC at a current density of 2 mA cm™2. The insert shows the cycling
performance of SSC bending for 180°.

capacitance retention declines 16.3% after 300 cycles, suggest-
ing good cycling stability of the flexible SSC device.

4 Conclusions

In this work, the uniform and conformal coating of ultrathin
nanosheets on the carbon cloth was prepared using a cost-
effective and scalable chemical precipitation method. The CC
coated with NiO nanosheets has bigger BET surface area and
smaller pore size than NiO nanoflowers, thus a better pseudo-
capacitance performance is obtained. Among the different NiO
nanosheets coated CC, nanosheets with ultrathin thickness and
with the diameter of 400 nm coated CC has the biggest BET
surface area and the highest specific capacitance (600.3 F g " at
1 Ag™").In addition, it has good rate performance and excellent
cycle stable (98.1% after 3000 cycles). In addition, the SSC
assembled by the CCN2 shows an area capacitance of 34.3 mF
cm ™ ? at the current densities of 1 mA cm ™ 2. And cycling stability
was proved of the SSC bending for different angles, implying CC
coated with NiO nanosheets has a great application prospect on
the flexible electronic devices.
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