lonics (2019) 25:697-705
https://doi.org/10.1007/s11581-018-2771-4

ORIGINAL PAPER

@ CrossMark

Synthesis of hollow NiO nanostructures and their application

for supercapacitor electrode

Xiaoshuang Wang' - Ling Chen" - Fei Li' - Shuoqing Zhang' - Xiangcheng Chen' - Juanjuan Yin'

Received: 14 July 2018 /Revised: 8 October 2018 / Accepted: 13 October 2018 /Published online: 20 October 2018

© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Hollow NiO nanostructures were fabricated by calcining Ni(OH), precursors built on the basis of Cu,O templates. The structures
and morphology of the products were characterized using X-ray diffraction, scanning electron microscopy, and transmission
electron microscopy. As the temperature rose from 250 to 550 °C, the products showed stable cubic structures with the lengths
about 600 nm of a side at first, then some products deformed into cylinders and debris is generated, and the NiO nanostructures
collapsed at 550 °C. Electrochemical test results from cyclic voltammetry, electrochemical impedance spectroscopy, and galva-
nostatic charging—discharging demonstrated that the sample synthesized at 450 °C showed better electrochemical properties. The
hollow NiO nanostructures obtained at 450 °C delivered a capacitance of 1200 F g ' at 1 A g ' and displayed good rate capability
with a large capacitance of 1010 F g ' at 5 A g '. After improving the cycle stability, it will exhibit a more admirable prospect of

application.
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Introduction

Due to the rapid consumption of fossil fuels and continuous
deterioration of the environment, the clean energy technology
has emerged as a key challenge to energy storage.
Supercapacitors, also known as electrochemical
supercapacitors, have received a number of attention owing
to their various merits, including long cycle life, safety, no
memory effect, and high power density [1-4]. Different
charge storage mechanisms divide supercapacitors into three
categories namely electric double layer capacitors (EDLCs),
pseudocapacitors, and hybrid electrochemical capacitors.
EDLCs store charges at the interface between electrode and
electrolyte through ion absorption/desorption while
pseudocapacitors store charges at the surface of electroactive
materials via fast and reversible superficial Faradaic redox
reactions. EDLCs’ application is hampered by lower practical
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energy density [5-8]. However, the capacitance of
pseudocapacitors is 3—4 times higher than that of EDLCs be-
cause redox reactions between electrolyte ions and
electroactive materials can store more charges in the capaci-
tors. Typical electrode materials of pseudocapacitors mainly
include transition metal oxides and conducting polymers.
Among the transition metal oxides, RuO, (specific capaci-
tance > 600 F g ') has been applied in the military field suc-
cessfully. Even so, the high cost and toxicity restrict its com-
mercialization [9]. Hence, tremendous efforts have been paid
to study other metal oxides such as MnO,, C0304, Fe304, and
NiO in order to develop cheap and environmentally friendly
electrode materials [10—18].

Among the alternative candidates, cost-effective NiO has
been recognized as one of the promising materials for
pseudocapacitors owing to its outstanding theoretical specific
capacitance (3750 F g ') and high chemical and thermal sta-
bility [19-21]. In general, metal oxides with larger surface
area can devote larger specific capacitance because of more
Faradic active sites. Therefore, the morphology of
electroactive materials has a great influence on their electro-
chemical performance. To date, numerous researchers have
reported [22-28] the synthesis of NiO with different struc-
tures, including nano/microspheres [27], nanosheets [29,
30], and nanofibers [31] via various methods such as sol-gel
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method [32], anodization method [33], solvothermal/
hydrothermal techniques [34, 35], and hard template methods
[36]. For instance, Cai et al. [37] synthesized daisy-like o-
Ni(OH), via hydrothermal method, after being calcined at
600 °C, the obtained NiO showed high specific capacitance
of 517 mAh g '. Meng et al. [38] reported NiO prepared by
electrodeposition technique exhibited the maximum specific
capacitance of 3144 F g™ at 5 mA cm 2. Using petals of
plants as raw materials, Kundu [39] prepared flower-like
NiO which could deliver specific capacitance of 752 F g " at
1 A g', no obvious decay occurred after 5000 cycles at 10A
gﬁl. Although hollow cubic Ni(OH), with great performance
has been prepared [2], preparation of NiO nanostructures
based on the Ni(OH), hollow nanoboxes has not been
reported.

Although there are many facile methods for the synthesis of
NiO, such as hydrothermal method, electrodeposition method
and so on, the template method is more convenient to maintain
controllable structure of NiO. NiO with proper structure can
improve the contact between electrolyte and active materials,
which is expected to deliver higher capacitance. In this paper,
we synthesized hollow cubic Ni(OH), precursors based on
Cu,O templates, then the precursors were calcined to hollow
NiO nanostructures consisting mainly of cubes.
Electrochemistry data demonstrate that the NiO nanostruc-
tures gained at 450 °C deliver the highest specific capacitance
of 1200 F g ' at I A g ' and exhibit an excellent capacitance
of 1010 F g " at a high rate of 5 A g, which indicates its
promising application in supercapacitors.

Experiments
Synthesis of NiO nanostructures

Cu,0 templates were synthesized as follows. One hundred-
milliliter NaOH (2 mol L") solution was added dropwise into
100 mL CuCl, (0.01 mol L") solution, the mixture was heat-
ed at 55 °C for 30 min under constant magnetic stirring, then
10 mL ascorbic acid solution was added. The solution became
dark red and aged for 180 min. The precipitant was purified by
washing and centrifugation for several times. Cu,O templates
were generated after dried.

Synthesis of the precursors started with mixing 0.1 g Cu,0,
0.034 g Ni(NOs), and 3.33 g surfactant (Hexadecyl trimethyl
ammonium Bromide (CTAB) or polyvinyl pyrrolidone
(PVP)) in 100 mL alcohol and deionized water solution
(Vaicohol: Vwater = 1:1) while stirring. Subsequently, 40 mL
Na,S,0; (1 mol L") was added. The mixture was stirred for
10 min to form precursors. The as-prepared precursors were
cleaned by repeated washing and centrifuging and then were
converted by calcining at 250, 350, 450, and 550 °C for 3 h in
a muffle furnace.
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Characterization

The samples were characterized by scanning electron micro-
scope (SEM, Carl Zeiss, SUPRASS5) and transmission elec-
tron microscope (TEM, Hitachi HT-7700). X-ray diffraction
(XRD) patterns were collected on a Rigaku Lab X-ray diffrac-
tometer operated at 40 Kv using Cu K« radiation at a scan rate
of 5 °/min. The thermogravimetry analysis (TGA) was per-

formed in air with a heating rate of 10 °C min ™.

Electrochemical measurements

Electrochemical performance of the samples was tested by
cycle voltammetry (CV, CHI660e electrochemical worksta-
tion, Shanghai CH instrument, China), galvanostatic charge-
discharge (GCD, Neware battery testing system, Shenzhen
Neware instrument, China) and Electrochemical impedance
spectroscopy (EIS, CHI660e electrochemical workstation,
Shanghai CH instrument, China). All tests were performed
in a three-electrode system, in which Platinum gauze electrode
and Hg/HgO electrode were used as the counter and the ref-
erence electrode, respectively. The working electrode was
comprised of 80 wt% of active materials, 15 wt% of acetylene
black, and 5 wt% of polytetrafluoroethylene (PTFE) binder.
The electrolyte was 6 M KOH. CV data were collected be-
tween 0 and 0.6 V at a scan rate of 2 mV s ™' and GCD tests
were conducted in the potential range of 0-0.5 V (the voltage
window is the optimal result). EIS tests were performed be-
tween the frequency range of 10> and 10° Hz at a 5-mV
amplitude referring to open circuit potential. The mass-
specific capacitances were calculated using the following
equation [40],

C=1/v

where 7 is the discharging current density (A g™"), ¢ is the
discharging time (s), and V is the discharging potential range
(V), respectively.

Results and discussion

The crystal structures of the precursor and calcination prod-
ucts were verified by XRD characterization, as shown in Fig.
1. Diffraction peaks of the precursor are broad and smooth,
which agrees well with 3Ni(OH),-2H,O (JCPDS 22-0444).
After annealed at 250 °C, diffraction peaks of the calcination
product still almost correspond to 3Ni(OH),-2H,0, indicating
that this calcination temperature removed merely unbound
water from the precursor and made no dehydration effect on
the bound water. As the calcination temperature rose to
350 °C, the precursor began to be stripped of some water
and converted to Ni(OH),-0.75H,O (JCPDS 38-0715). It is
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worth noting that the peak corresponding to the (200) plane of
NiO has been observed. When the precursor was annealed at
450 °C, the appearing peaks at the positions of 20 =43.2, and
62.9° correspond to the (200), and (220) planes of the NiO
(JCPDS 47-1049), confirming the presence of NiO nano-
structures. Besides, the (012) and (015) planes imply a minute
quantity of Ni(OH),-0.75H,0. Intensities of diffraction peaks
increased while increasing the calcination temperature to
550 °C, the precursor was also converted into NiO. As ob-
served, some extra diffraction peaks around 20° occurred
when the calcination temperature increased to 550 °C (red
circle part in Fig. 1). These diffraction peaks may correlate
the split products of residual PVP that cracked at the elevated
temperature. Comparing the XRD patterns, we can find that
part of diffraction peaks are not obvious, which is due to the
preferred orientation growth of crystal in (111) and (200)
planes and the weak crystallization degree.

TGA was used to analysis the detailed effect of calcination
temperatures (Fig. 2). The curves of precursor (3Ni(OH),-
2H,0) and calcination products at 250 °C (3Ni(OH),2H,0)
and 350 °C (Ni(OH),'0.75H,0) show similar two-step weight
loss at 100 and 400 °C, which corresponds to the removal of
unbound water and the elimination of bound water or decom-
position of intercalated surfactant molecules, respectively. In
addition, the weight loss of the above three samples after
400 °C also corresponds to the decomposition of Ni(OH),. It
is obvious that the weight loss of the product obtained at
450 °C (NiO) mainly occurs at 530 °C, which is mainly at-
tributed to the collapse of NiO cubes, accompanied by decom-
position of a minute quantity of inner unconverted Ni(OH),
simultaneously. However, the above phenomenon is not pre-
sented in the product obtained at 550 °C because the collapse
process has already occurred during the period of calcination.
The total mass loss decreases with the increase of calcination
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Fig. 1 XRD patterns of the as-prepared precursor and the calcination
products
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Fig. 2 TGA curves of the as-prepared precursor and the calcination
products

temperature, because different components of calcination
products contain different amounts of water molecules and
impurities, which can be seen from the respective chemical
formula educed from XRD patterns (Fig. 1).

The nanostructures of Cu,O templates and the precursor
were revealed using TEM and SEM. As posted in Fig. 3a, b,
well-distributed Cu,O cubes with sizes of 200 nm can be
observed apparently. In order to achieve a uniform and regular
hollow cube-shaped precursor, we used CTAB or PVP to as-
sist the preparation process, respectively. The surfactant acts
as a soft template to reduce the surface free energy of crystal
nuclei and regulates the growth of crystals in different direc-
tions [41]. The former product (Fig. 3c) undergoes a partial
collapse, while the latter (Fig. 3d) exhibits a stable hollow
cube-shaped structure. TEM images (Fig. 3c, d) reveal that
the PVP helps the precursor to retain the original cubic struc-
ture of Cu,O more efficiently (Fig. 3a, b). With respect to the
anionic CTAB, the non-ionic PVP probably has well control
on the Ostwald ripening process, so that the 3Ni(OH),-2H,O
nanostructures whose thickness is around 75 nm retain the
shape and size of the Cu,O template. The average size of the
cubic precursor is about 500 nm, which can provide the high
specific surface and low-resistant ion diffusion pathways and
deliver high specific capacitance.

After calcined at different temperatures, the hollow box-
shaped precursor converted into hollow cube-shaped products
successfully. Figure 4 shows SEM images of the precursor and
products. It is clear that the internal structure of the cube-shaped
products can be observed, which are marked by red rectangles
on the images (Fig. 4b, d, f, h). However, the cubes begin to
collapse into nanocylinders with the temperature rising to
550 °C. Combining the SEM results with XRD analysis, we
can conclude that the component and shape of the calcination
product at 250 °C did not change and remained consistent with
the precursor (Fig. 4a, b, ¢, d). The component of the product
gained at 350 °C changed with dehydration, but it still held

@ Springer



700

lonics (2019) 25:697-705

Fig. 3 TEM images of Cu,O
templates observed at low
magnification (a) or high
magnification (b), and the
precursor synthesized using
CTAB (c¢) or PVP (d), a SEM
image of Cu,0 is in the top right
corner of (b)

hollow cubic nanostructures (Fig. 4e, f). During the calcination
process at 450 °C and 550 °C, the precursor was completely
converted to NiO nanostructures (Fig. 4g, h, 1, j). Unfortunately,
the original hollow cubic structure was destroyed at 550 °C. At
the same time, some irregularly shaped debris that may attribute
to the cleavage products of PVP appeared among NiO nano-
structures (Fig. 41, j), which lead to the emergence of extra
diffractions of a new phase in XRD.

The elemental mapping images (Fig. Sa, b) display that O,
Ni, Cu, and S distribute uniformly within the structure.
Apparently, Ni accounts for a larger proportion of the calcina-
tion product obtained at 450 °C than the precursor, which is
mainly due to the removal of large amounts of hydrogen and
oxygen elements through the calcination process.
Furthermore, the summary of quant results also corroborate
the chemical formulas (Fig. 5¢). With different calcination
temperatures, the ratios of oxygen to nickel of precursors
and calcination products are 2.8, 2.7, 2.8, 1.3, and 1.2, which
gradually approach the theoretical ratio (1.0) of oxygen to
nickel in NiO. Residual Cu and S elements just account for
a small proportion, which originates from Cu,O and Na,S,03,
respectively.

The electrochemical performance of the precursor and cal-
cination products synthesized at different temperatures was
compared by mean of CVat 2 mV s ' and shown in Fig. 6a.
Every CV curve exhibits well-defined symmetric redox peaks
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confirming the Faradic nature of the products rather than
EDLC whose curve is an ideal rectangular shape. The capac-
itors of products mainly rely on the charges kept in the host
materials through redox reactions on the surface. The surface
Faradaic reactions can be expressed as follows:

Ni(OH), + OH =NiOOH + H,0 + ¢
NiO -+ OH =NiOOH + ¢~

Peaks observed in a CV curve are in accordance with the
change of the valence of the element Ni. Moreover, outlines of
peaks of NiO hollow nanostructures obtained at 450 °C are
much sharper than the others, from which we can perceive the
rapidity of the redox reactions. Meanwhile, minor peak sepa-
ration (0.18 V) demonstrates decreased electrochemical polar-
ization. Moreover, it is apparent that the hollow NiO nano-
structures synthesized at 450 °C occupy the maximum area
among the CV curves, which is identified to possess the larg-
est specific capacitance. In addition to the hollow structures
which give NiO a sufficient internal space that facilitates the
rapid mass transfer dynamics, its large surface area also offers
a lot of electrochemically active sites that accelerate the
Faradaic redox reactions. Both of the above two points are
beneficial to perform a considerable specific capacitance.

Figure 6b presents the charging-discharging curves of the
precursor and the calcination products at 1 A g '. The
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Fig. 4 SEM images of the
precursor (a, b) and the products
synthesized at 250 °C (c, d),
350 °C (e, 1), 450 °C (g, h), and
550 °C (i, j)

nonlinear charging—discharging curves demonstrate the fea-
ture of pseudocapacitance, which is in agreement with other
literature [5]. When comparing the discharge curves, we no-
tice that the discharge time of the NiO nanostructures obtained
at 450 °C is the longest among curves of the precursor and
samples got at other calcining temperatures, which suggests
that NiO nanostructures have great charge storage perfor-
mance that is far better than the others. By calculation, the
precursor and calcination products obtained at 250, 350,
450, and 550 °C show discharge specific capacitance values
0f 780, 580, 590, 1200, and 380 F g ', respectively, at 1 A g .

The rate capabilities of the samples were examined under
different current densities, as shown in Fig. 7a. The curve of
the precursor displays an apparent drop while the curves of
calcination products are almost horizontal. The precursor re-
tains merely 44.13% of its specific capacitance delivered at
1 A g when the current density increases to 5 A g '. The
specific capacitance of the NiO nanostructures obtained at
450°Cat1,2,3,4,and 5 A g_1 reaches 1200, 1180, 1150,
1050, and 1010F g_l, respectively. Besides, the capacitance
retention of the calcination products improves from 43.34 to
88.6% gradually with rising calcining temperatures from 250
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(©)| Products Precursor 250 °C 350 °C 450 °C 550 °C

Atomic% | Weight% | Atomic% | Weight% | Atomic% | Weight% | Atomic% | Weight% | Atomic% | Weight%
o 64.82 35.21 66.01 36.44 65.99 36.45 50.76 22.64 48.86 21.53
Ni 23.22 46.31 24.44 49.54 23.57 47.80 39.05 63.95 40.71 65.86
Cu 5.1 11.01 3.17 6.96 3.85 8.45 3.74 6.98 3.91 6.85
S 6.86 7.47 6.38 7.06 6.59 7.30 6.45 6.43 6.52 5.76

Fig. 5 EDS mapping of O, Ni, Cu and S elemental distribution of the precursor (a) and the calcination product at 450 °C (b) and the summary of quant
results (¢)

to 450 °C. Nevertheless, the capacitance retention falls to  observed, the other samples have a large charge transfer resis-
71.68% at 550 °C. It may be explained by that the NiO nano-  tance with the exception of the products obtained at 450 and
structures synthesized at 450 °C maintains the regular hollow 550 °C. The EIS curves of these two samples exhibit similar
cube-shaped structures, as observed in the SEM images (Fig.  shapes with a negligible semicircle in the high-frequency re-
4g, h), but the regular nanostructure is destroyed unfortunately ~ gion and a nearly vertical line in the low-frequency region,
into piles of debris at 550 °C (Fig. 4i, j), which reduces the =~ which results in excellent electrochemical properties. But it

specific surface area of the electroactive materials and exacer-  should still be emphasized by the poor performances of the
bates the resistance of ions diffusion process, thus the electro- NiO obtained at 550 °C that structure does have a significant
chemical performance is dented. influence on the electrochemical properties. It is also neces-

Electrochemical impedance spectra of various samples are ~ sary to further study the structural changes of active sub-
shown in Fig. 7b. Each curve composes of two parts: the high ~ stances during the charging—discharging process in order to
and low-frequency region. It is obvious that the intercept  find appropriate measures to maintain structural stability and
which is consistent with the ohmic resistance is close to zero ~ ameliorate electrochemical performance.

for all samples. The semicircle region is related to the charge Commercial applications of supercapacitors depend largely
transfer resistance which reveals Faradaic resistance of the  on the long cycle life. The cycle stability of the samples was
active materials. The straight line in the low-frequency corre-  investigated at a current density of 2 A g ', as shown in Fig.

sponds to Warburg impedance which indicates the ion diffu-  7c. Capacitance retention of 48.7%, 56.5%, 51.9%, 37.4%,
sion rate of the electrolyte within the redox process. As  and 61.1% for the precursor and the products obtained at

Fig. 6 CV (a) and charging- (a) (b)
discharging curves (b) of the
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Fig. 7 Rate capabilities (a), electrochemical impedance spectra (b), and cycle numbers (c) of the precursor and the calcination products synthesized at

different temperatures

250, 350, 450, and 550 °C are observed after 2000 cycles,
respectively. The capacity retention shows a tendency to drop
in the first 500 cycles, which may be due to the activation that
continuously expands and shrinks the structure of the active
materials during the charging-discharging process, then the
cycle curves seem to be stable. Although the capacity reten-
tion of the NiO nanostructures obtained at 450 °C is the low-
est, its capacity is always higher than that of other samples
throughout the long cycle test. Besides, referred to the litera-
ture results of recent years, NiO nanostructures we synthe-
sized still hold auspicious specific capacitance (see Table 1).

As for the poor cycle stability, we suppose that there are two
reasons for it. One is the existence of multiple phases in-
cluding the primary calcination products, unconverted pre-
cursors and residual surfactant molecules in the samples,
which could be inferred from XRD patterns and TGA
curves. The other is the fast convert rate at 450 °C results
in unstable structure of NiO. Meanwhile, the substances at
inner cube walls are not converted completely as a result of
the insufficient calcination time, which may initiate side re-
actions during the charge-discharge processes, influencing
the cycle stability.

Table 1 Preparation and

properties of nickel oxide in Synthesis method

Specific capacitance Reference

pieces of literature
Liquid phase-separation

Solvothermal method
Potentiostatic electrodeposition
Chemical precipitation
Hydrothermal method
Hydrothermal method

Tonic layer adsorption and reaction method

Electrodeposition method
Template method

~

7940F g 'at1 A g
1386 Fg'at1 A g™
66724 F gl at5mV s 3
1124F g 'at2 A g™ 44

[42]
[
[
[
170 F g 'at5 A g’ [20
[
[
[

35]

~

= O

2018 F g 'at227 A g™! 12
783 Fg'at2mVs' 45]
929Fg'atl Ag' 46]

1200F g lat1 A g™’ This work

—
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Conclusions

Hollow NiO nanostructures were synthesized through calcin-
ing the precursor at different temperatures. The components
and structure of the products changed with calcination tem-
perature, but the structure collapsed at 550 °C, which had an
inactive effect on its electrochemical performance. Choosing a
right temperature to maintain a good structure is crucial to
achieving excellent electrochemical performance. NiO nano-
structures prepared at 450 °C can deliver a specific capaci-
tance of 1200 F g ' at 1 A g . It still showed a high capaci-
tance of 1010 F g' when current density rose to 5 A g ',
which confirmed the superb rate capability. Yet the cycle sta-
bility needs to be further improved for achieving industrial
application.
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