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Metal oxide nanostructures have been extensively used in electrochemical devices due to their advantages,
including high active surface area and chemical stability. However, the electrochemical properties of metal
oxides are strongly dependent on their structural characteristics. We performed a comparative study on the
electrochemical performance of nanoporous nickel oxide (NiO) nanosheets and nanowires. The advanced
nanoporous NiO nanomaterials were synthesized by a facile hydrothermal method followed by thermal
calcination. The synthesized nanomaterials, as characterized by scanning electron microscopy,
transmission electron microscopy, selected area electron diffraction, X-ray diffraction, and nitrogen
adsorption/desorption isotherms, demonstrated the nanoporosity and high crystallinity of the NiO
nanosheets and nanowires. Cyclic voltammetry measurement was performed using a three-electrode
system to evaluate the electrochemical properties of the synthesized materials. Results showed that the
nanoporous NiO nanosheets possessed a higher current density than that of the nanowires by
approximately ten times. Moreover, the nanoporous NiO nanosheets showed exceptionally high stability
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1. Introduction

Environmental pollution and lack of energy are the most con-
cerning issues in modern society due to the intermittent usage
of fossil fuels." Thus, replacing fossil fuels and reducing envi-
ronmental pollution by exploiting new green energy sources is
a crucial and effective pathway.”? Extensive studies have
attempted to achieve efficient technologies for energy storage
and conversion by using advanced nanomaterials.®* Some
common devices for this purpose are rechargeable batteries and
supercapacitors, and the latter are becoming high-potential
energy storage devices due to their high energy density, long
life cycle, and fast recharge cycle.* To maximize the capacitance,
increasing the effective surface area of the electrode materials is
one of the key solutions. Thus, scientists have tried improving
capacitive performance by exploring effective electrode mate-
rials with novel morphologies that can maximize cycling
stability, charge/discharge rate capability, and safety of usage.>®
Different materials were used for supercapacitor electrodes
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application in electrochemical devices.

such as Ni(OH), hollow spheres,” three-dimensional bubble-like
graphene frameworks,® porous graphene frameworks,” and
composites of MoS,, reduced graphene oxide and NiO.*
Nanostructured materials that have been studied for this
purpose include carbon-based materials' and conducting
polymers.” However, these materials have disadvantages, such
as high resistivity (carbon-based materials) and easy mechan-
ical degradation (conducting polymers), both of which may lead
to decreased capacitance.” In contrast, metal oxides, such as
NiO, MnO,, FeCo,0,, Co;0,4, and CuO, have been considered as
options due to their high energy density, excellent electro-
chemical performance, and thermal and chemical stability.***®

Nickel oxide (NiO) is one of the most promising choices
owing to its environmental friendliness, low cost, easy prepa-
ration, high theoretical specific capacitance (3750 F g~ *),*” and
excellent electrochemical reversibility.*' Scientists have tried
preparing NiO with different morphologies, such as nano-
particles,* nanowires,> nanosheets,”” and nanorods,* which
can improve electrochemical performance. Regarding fabrica-
tion techniques, finding a simple and practicable method for
the large-scale synthesis of NiO nanostructures that can control
morphology and quality of materials is highly important.
Compared with other methods, such as sol-gel,** electrodepo-
sition,” template synthesis,*® and chemical precipitation,*” the
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hydrothermal method*® is of particular interest and thus has
been explored widely for synthesizing NiO nanostructures. This
method can be carried out in simple conditions without the
need of high vacuum condition.” Jiang et al.** reported on the
fabrication of NiO nanorods on nickel foam by hydrothermal
method, in which the foam can be used as both substrate and
Ni source. Moreover, scientists can easily alter the size and
morphology of materials with the hydrothermal method by
varying the synthesis condition. Cao et al.** studied the effects
of sodium oxalate in the synthesis for NiO nanobelts, and
pointed out that the diameter of nanobelts could be increased
to from 80 to 100 nm just by adjusting the amount of sodium
oxalate. Safa et al.** synthesized NiO with different morphol-
ogies by varying the synthesis temperature from 100 °C to
220 °C to obtain nanoparticles, nanorods, and nanoworms.
Li.et al.* reported on the synthesis of Ni(OH), nanowalls and
decomposed the synthesized materials into NiO. The NiO
nanoparticles of different sizes and porosities were synthesized
by using the hydrothermal method, and their electrochemical
performances were inversely dependent on the band gaps. It
was obviously that the electrochemical properties of the nano-
structured NiO were clearly strongly dependent on the material
morphologies. However, none of these reports were dedicated
to the synthesis and systematic comparison of the electro-
chemical properties of NiO nanowires and nanosheets.

In this study, nanoporous NiO nanosheets and nanowires were
prepared by using the hydrothermal method for supercapacitor
applications. The facile hydrothermal synthesis and subsequently
calcination enables the porous structure NiO with high crystal-
linity. The electrochemical properties of the synthesized materials
were investigated by using cyclic voltammetry (CV) techniques for
comparison. Moreover, we addressed the relationship among the
morphology, specific surface area, and electrochemical properties
of the synthesized NiO nanomaterials.

2. Experimental process
2.1 Synthesis of NiO nanowires

The NiO nanowires were synthesized using the hydrothermal
method at 200 °C.** In a typical synthesis, 0.47 g NiCl,-6H,0 was
dissolved into a mixture of 32 mL ethylene glycol and 18 mL
deionized (DI) water in a beaker under continuous magnetic stir-
ring at room temperature. Afterward, 0.12 g Na,C,0, was added
into the beaker and the mixture was stirred for 1 hour to disperse
the Ni** jons homogeneously before being poured into the 100 mL
autoclave and heating at 200 °C for 24 hours. After the heating
treatment, the autoclave was naturally cooled to room temperature
and the products were collected by centrifugation; afterward, the
products were washed 5 times with DI water and ethanol. The
light-blue-green product was collected and dried in air at 50 °C for
about 24 h. The polycrystalline NiO nanowires were obtained by
calcinating this product (NiC,0,-2H,0) at 400 °C for 2 hour in air.

2.2 Synthesis of NiO nanosheets

The NiO nanosheets were synthesized by hydrothermal method
without using surfactants or structure-directing agents.* In this
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process, 1.29 g anhydrous nickel chloride was dissolved in DI
water to obtain a light-green solution. Afterward, the ammonia
solution was added under magnetic stirring to adjust the pH of
the solution to the value of 10. Subsequently, the solution was
poured into a 100 mL autoclave for hydrothermal treatment.
The hydrothermal process was done at 160 °C for 6 hours and
then cooled to room temperature naturally. Later, the precipi-
tate was collected and washed 5 times with DI water and ethanol
to remove the unreacted agents and impurities, and the prod-
ucts were collected by centrifugation at 4000 rpm. The precipi-
tate was dried at 45 °C overnight and finally calcined at 400 °C
for 2 hour in air to obtain NiO nanosheets.

2.3 Electrochemical measurement

A three-electrode cell system was used to evaluate the electro-
chemical performance of the prepared materials through CV
measurement using a potentiostat/galvanostat instrument
(Ivium Vertex). The CV was measured at room temperature
using Pt wire and Ag/AgCl as counter and reference electrodes,
respectively. The working electrode was prepared by mixing NiO
nanowires or nanosheets with polytetrafluoroethylene (PTFE) at
a weight proportion of 10 : 1 before being pressed into a thin
sheet of uniform thickness. The thin sheets were then loaded on
a nickel foam to act as a current collector for CV measurement.
Potassium hydroxide solution (1 M) was used as the electrolyte,
whereas the CV curves were measured at different scan rates

from 10-50 mV s~ .

2.4 Material characterization

The synthesized materials were characterized by using advanced
techniques, such as scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), selected area electron
diffraction (SAED), and X-ray diffraction (XRD). The specific
surface areas of the two samples were measured using Brunauer-
Emmet-Teller (BET) method (Micrometrics Gemini VII).

3. Result and discussion
3.1 Material characteristics

Previous reports have shown that altering the material structure
can lead to changes in the electrochemical performance of the
samples.”*?® Thus, in this study, NiO nanosheets and nanowires
were prepared by hydrothermal method under different condi-
tions. Morphology of the hydrothermal nanowires before
calcination characterized by SEM and TEM images are shown in
Fig. S1 (ESIt). The nanowires are very homogenous with diam-
eter of about 40 nm. The TEM images reveal that the nanowires
are composed of nanocrystals of about 10 nm in size. The gap
between lattice fringes is 0.24 nm, corresponding to the inter-
space of (111) planes of monoclinic nickel oxalate hydrate
(Fig. S2, ESIf). SEM and TEM images of the hydrothermal
nanosheets before calcination are shown in Fig. S3 (ESIt). The
nanosheets have a hexagonal shape with an average diameter of
about 250 nm, and thickness of 25 nm. The hydrothermal
nanosheets are highly crystallinity, in which the interspace
between two lattice fringes is 0.238 nm, corresponding to the

n
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interspace of (101) planes of nickel(ir) hydroxide (Fig. S4, ESIT).
Morphologies of the NiO nanosheets and nanowires obtained
after calcination characterized by SEM images are shown in
Fig. 1. The NiO nanosheets (Fig. 1(A)) have a hexagonal shape
with an average size of approximately 250 nm in diameter and
about 25 nm in thickness. The materials were highly homoge-
nous and no other structures were observed in the sample. In
addition, the NiO nanosheets showed porous structures, and air
voids formed in the material surface (Fig. 1(A)). The formation
of porous structures was ascribed to the weight loss during
calcination.*® The SEM image of the as-synthesized NiO nano-
wires in Fig. 1(C) shows that the products conglomerated into
nanowires with a high-density porous structure. Moreover, the
diameter of NiO nanowires are approximately 50 nm, with an
average length of approximately 2 pm. Furthermore, the nano-
wires showed high porosity due to the formation of tiny nano-
grains (Fig. 1(D)). Each grain was approximately 10 nm in
diameter. The porous structure of a material is highly important
in enhancing its electrochemical properties because the
porosity provides increased the effective specific surface area.
The SEM images revealed that nanowires have a higher porosity
than nanosheets.

The as-prepared NiO products were further characterized by
TEM, as shown in Fig. 2. The TEM images of NiO nanosheets
revealed a dish-like morphology with hexagonal shapes, which
was consistent with the SEM observation (Fig. 2(A)). The angle
of the hexagonal nanosheet was approximately 120°. However,
some nanosheets have a curvature shape, in which the edge
angle is larger than 120°. The porous nature of the nanosheets
can be seen in the TEM image. The inset of Fig. 2(A) is the
corresponding selected area of electron diffraction that
confirms the high crystallinity of the nanosheet. The HRTEM
image of the nanosheet in Fig. 2(B) reveals the clear lattice
fringes of cubic NiO crystals with different orientation. More-
over, the gaps between lattice fringes were approximately 0.15
and 0.24 nm, which correspond to the interspace of (220) and
(111) planes, respectively.’” The TEM image of NiO nanowires in
Fig. 2(C) demonstrate that the nanowires have an average

—
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Fig. 1 SEM images of synthesized NiO (A and B) nanosheets, and (C
and D) nanowires.
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d11y=0.24 nm
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Fig. 2 TEM images of synthesized porous NiO (A and B) nanosheets,
and (C and D) nanowires. Insets are corespondent selected area
electron diffraction.

diameter of approximately 20 nm with the length up to
micrometers. Additionally, the nanowire was assembled from
nanograins of about 20 nm in diameter. The HRTEM image of
the nanowire is shown in Fig. 2(D). It is different from the
nanosheet, the lattice fringes of the nanowire were uniformly
distributed on the surface of NiO crystal. The interplanar
spacing value was 0.24 nm and belongs to the interspace of
(111) planes of cubic NiO. This result suggested that the
preferred exposure facet of the NiO nanowire was {111} but not
the {220} as that in the nanosheets.*® The difference in exposure
facets can influence the electrochemical properties of a mate-
rial, as pointed out in ref. 38.

Fig. 3 illustrates the typical powder XRD patterns of the as-
prepared NiO nanosheets and nanowires. The differences are
slight in the XRD patterns of the two samples because their
chemical compositions and physical and chemical properties
are similar.” Moreover, both samples show typical diffraction
peaks at 20 = 37.3, 43.4, and 62.9°, which were indexed to the
(111), (200), and (220) of the face-centered cubic unit cell,
respectively, with a lattice parameter of 0.417 nm (JCPDS card
No. 47-1049). The intensity of (200) peak was the highest, fol-
lowed by those of (111) and (220) peaks. The average crystalline
sizes estimated from XRD data using Scherrer equation were
16.97, and 18.80 nm for nanosheets and nanowires, respec-
tively.** Combined with HRTEM results, it can suggest that the
NiO nanosheet was composed of nanocrystals (~16.97 nm) of
different orientations, whereas the nanowire was composed of
different single crystals.

The specific surface area and porosity of hydrothermal
products, NiO nanosheets and nanowires were investigated by
using nitrogen adsorption/desorption isotherms. The hydro-
thermal nanowires and nanosheets have nonporous structure
as illustrated in Fig. S5 and 6, respectively (ESIf). The BET
surface areas of the hydrothermal nanowires and nanosheets
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Fig. 3 XRD patterns of synthesized porous NiO (A) nanosheets and (B)
nanowires.

are about 6.2, and 4.1 m® g ', respectively. The isotherm
nitrogen adsorption/desorption of NiO nanosheets (Fig. 4(A))
showed low hysteresis with a small H1-type loop, thus reflecting
the mesoporous nature of the NiO nanosheets. Enlargement of
Fig. 4(A) confirms the hysteresis loop of the nitrogen adsorp-
tion/desorption isotherm of NiO nanosheets (Fig. S8, ESIt). This
result is consistent with other report on the hexagonal meso-
porous NiO nanoplates.*® The pore size distribution curve is
shown in the inset of Fig. 4(A), which exhibits a single peak
centered at 7.2 nm, thus demonstrating the uniformity of pore
size. The specific BET surface area and total pore volume were
61.6 m> g~ ' and 0.225 cm?® ¢!, respectively. The isotherm
nitrogen adsorption/desorption of NiO nanowires (Fig. 4(B))
was similar to that of the nanosheets but without the hysteresis
loop, suggesting the non-microporous behavior of the nano-
wires.** The specific BET surface area and total pore volume
were determined to be approximately 31.18 m* g~ and 0.169
em?® g, respectively. The pore size distribution of the nanowire
sample showed a small peak centered at about 10.5 nm, as
a result of the air gap between the inter grains.*’ This result was
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consistent with the TEM characterization because the nanowire
was formed by the different nanograins.

3.2 Electrochemical properties

The electrochemical properties of the NiO nanosheets and
nanowires were characterized by using their CV profiles for
comparison. Fig. 5 illustrates the comparison results of the
electrochemical performance of NiO nanowires and nanosheets
at different scan rates from 10-50 mV s~ '. As seen in Fig. 5, the
CV curves of both samples possess two redox peaks, namely, the
anodic and cathodic peaks at the potential values approximately
—0.55, and —0.88 V, respectively. The anodic peak results from
the electron transfer reaction, as follows:

Ni** —» Ni** + e~ (1)

While the cathodic peak results from the following reaction:

Ni*" + e - Ni** (2)
1000
NiO h
_ | ( A)0.25 —#— NiO nanosheets
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Fig. 4 Nitrogen adsorption/desorption of NiO (A) nanosheets, and (B)
nanowires. Insets are pore size distributions.
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Fig. 5 Cyclic voltammetry of synthesized porous NiO (A) nanowires,
and (B) nanosheets at different scan rates (10-50 mV s™3). Insets are
plots of anodic peak current versus scan rate.

The CV curves show unsymmetrical redox peaks that indi-
cate the quasi-reversible redox process of the NiO products.
There was negligible shifts in anodic and cathodic peak
potentials at different scan rates in the nanowires (Fig. 5(A)).
However, the results are different in the nanosheets (Fig. 5(B)).
With increase of scan rate from 10-50 mV s !, the absolute
potential value of anodic peak decreases whereas that value of
cathodic peak increases. Those results indicate that the electron
transfer process of the redox reactions was dependent on the
voltage scan rate, causing by the polarization in the electrode
material.”** Ibrahim et al** measured the CV curve of NiO
nanowires within the potential window of —1 to 1 V at the scan
rate of 50 mV s~ ', and their result showed that the small peak
was obtained at approximately 0.5 V. Vidhyadharan et al*
prepared NiO nanowires via the electrospinning method for
supercapacitor application, where they measured the CV curves
within the potential window from 0-0.5 V at different scan rates

This journal is © The Royal Society of Chemistry 2018
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and observed the unsymmetrical redox peaks from 0.175 to
0.45 V. The electrochemical properties of the NiO nanosheet
were also studied extensively. Xiao et al.>*> prepared NiO nano-
sheet assemblies for supercapacitors, wherein they measured
the CV curves within a potential range of —0.2 to 0.25 V at
different scan rates; they found weak redox peaks as a result of
the faradic pseudocapacitance behavior. Lee et al.** synthesized
NiO nanosheets based microspherical structures by using the
template-free method for supercapacitors, where they observed
the cathodic and anodic peaks at potentials of 0.21 and 0.31 V,
respectively. In our study, the cathodic and anodic peaks
occurred at potentials of approximately —0.88 and —0.5 V,
respectively. Insets of Fig. 5(A) and (B) show the plots of anodic
peak currents versus the scan rates of two samples, respectively.
When the scan rate increase from 10 to 50 mV s, the anodic
peak currents of nanowires increased from 0.13 to 0.49 mA,
whereas those of the nanosheets increased from 0.93 to 2.8 mA.
In the electrochemically reversible electron transfer processes,
the peak current 7, (A) is described by the Randles-Sevcik
equation.*

anDo) 172
(3)

iy = 0.446nFA co( =T

where v (Vs ') is the scan rate, n is the number of electrons
transferred in the redox event, A (cm?) is the electrode surface
area, D, (cm® s™") is the diffusion coefficient of the oxidized
analyte, and C, (mol cm™>) is the bulk concentration of the
analyte. Comparing the C-V data of the NiO nanosheets and
nanowires (Fig. 5(A) and (B)), we can assume that the difference
in peak current of two samples is mainly caused by the differ-
ences in the number of electron transferred. The peak current of
nanosheets is higher than that of the nanowires, suggesting
that the electron transferred in NiO nanosheets is easier than
that in the nanowires. The anodic peak current of nanosheets
was higher than that of the nanowires, suggesting the potential
application of nanosheets for electrochemical water treatment
or chemical sensors.*® In addition, the specific capacitance C
(Fg™") is one of the most important parameters for evaluating
the electrochemical performance of supercapacitors, which can
be calculated using the following formula:”

c- ! JVC 1(V)dv )

mv(Ve—Va) )y,
where m (g) is the mass of the electroactive material in the
electrodes, v (mV s~ ') is the potential scan rate, V, (V) is the
starting potential, V. (V) is the ending potential, and I (V) is the
response current density (A). The specific capacitances of NiO
nanosheets and nanowires at scan rates of 10 mV s~ ' calculated
to be about 87.25 x 10~ Fg~" and 23.66 x 10> Fg~', respec-
tively. Such those values are lower than the theoretical specific
capacitance of NiO (3750 F g ').”” But anyhow, the results
confirm that the specific capacitances of NiO nanosheets is 3.68
times higher than that of the nanowires, thus suitable for
application in supercapacitor or electrochemical devices.
From the observed CV curves, we studied the electro-
chemical performance of the nanosheet samples with respect to
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the electrochemical performance of the nanowire by comparing
them at a specific scan rate, which in this case was 10 mV s/,
and the result is shown in Fig. 6(A). Regarding the anodic peak,
the value of NiO nanosheets was 0.94 mA, whereas that of
nanowires was only 0.124 mA. For the cathodic peak, the peak
appeared at approximately —0.5 mA for the nanowires, whereas
that of the nanosheet was approximately —1.3 mA. From these
two results, the current of the NiO nanosheet sample was
remarkably higher than that of NiO nanowires, thereby indi-
cating a substantial domination of NiO nanosheet electro-
chemical capacitance; this phenomenon can be explained to be
a result of the enhanced surface area of the nanosheet
compared with the nanowire structure, as indicated above,
which increased the active area for the redox reaction to
happen.” The nanosheet sample had the higher electro-
chemical performance; therefore, we continued to investigate
its stability by recording the CV curves 3 times at 50 mV s~ ', as

in the Fig. 6(B). In Fig. 6(B), the 3 lines match each other

14 (A)
< °1
E <
o _1 -
i —=— 10 mV/s - Nanosheets
ch —e— 10 mV/s - Nanowires
o -2-
S
-
O -3-

12 08 04 00
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— 4
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qu
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Fig. 6 (A) a comparative cyclic voltammetry of porous NiO nanowires
and nanosheets at the scan rate of 10 mV s~ (B) cyclic voltammetry of
NiO nanosheets at scan rate of 50 mV s~ * after 3 cycles.
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perfectly, indicating the high stability of the sample. However,
with increase of cycling test, the redox peaks disappeared, and
the materials were detached from the electrode due to the weak
adhesion between the materials and the electrode (Fig. S8,
ESIY). It is believed that for practical application as electrodes in
a supercapacitor, the cycling test should be stabled up to 10 000
cycles.® Thus increase the stability of the device is necessary,
and this work is under studying and the data will be reported
elsewhere. The electrochemical impedance spectroscopy of NiO
nanosheets and nanowires was also studied, and the Nyquist
plots are shown in Fig. S9 (ESIt). It is clearly that the Nyquist
plots both samples look like two semicircles of different radi-
uses. This is the result of the parallel arrangement of resistor
and capacitor in the device. Different radiuses are caused by
different values of resistor and capacitor of the electrodes.

4. Conclusion

In this study, we successfully fabricated nanoporous NiO
nanowires and nanosheets by using hydrothermal method and
subsequent calcination. Materials were characterized by
advanced techniques, such as XRD, SEM, TEM, and BET, as well
as CV and EIS measurements. The results pointed out that the
morphology of materials significantly influence their electro-
chemical properties, in that the NiO nanosheets showed supe-
rior performance in terms of current density and resulted in
redox peaks. Moreover, the nanosheets exhibited significantly
high stability after 3 cycles with a conservation value of nearly
100%. Furthermore, this study concluded that the nanoporous
NiO nanosheets are advantage for electrochemical applications
and can be applied for energy storage devices, especially as
electrode materials for supercapacitors or batteries.
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