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Abstract—To improve the specific capacitance and energy density of electrochemical capacitor, nanostructured NiO
was prepared by high temperature solid-state method as electrode material. The crystal structure and morphology of
as-parepared NiO samples were investigated by X-ray diffraction (XRD) and scanning electron microscopy (SEM).
Cyclic voltammetry (CV) measurement was applied to investigate the specific capacitance of the NiO electrode. Fur-
thermore, a novel mixed electrolyte consisting of NaOH, KOH, LiOH and Li,CO, was prepared for the NiO capacitor,
and the component and concentration of the four different electrolytes was examined by orthogonal test. The results
showed that the NiO sample has cubic structure with nano-size particles, and the optimal composition of the electrolyte
was: NaOH 2 mol L™, KOH 3 mol L™, LiOH 0.05 mol L™, and Li,CO, 0.05 mol L™'. At a scan rate of 10 mV s™', the
fabricated capacitor exhibits excellent electrochemical capacitive performance, while the specific capacitance and the
energy density were 239 F g™ and 85 Wh kg™, which was higher than one-component electrolyte.
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INTRODUCTION

Electrochemical capacitors (ECs) have been attracting consider-
able attention due to their large specific capacitance and potential
application in hybrid vehicles and memory back-up systems. How-
ever, compared with usual batteries, the lower energy density is the
greatest drawback of the ECs. In recent years, extensive work has
focused on ways to improve both the power and energy density of
ECs [1-4]. The performance of ECs depends strongly on the com-
ponent and concentration of electrolytes and the specific surface
area of the electrode materials [5].

Because of the low utilization of the carbon-based material and
degradation of the conducting polymer material, many researches
aim to increase the power and energy density of ECS as well as lower
fabrication costs while using environmental friendly materials [6-8].
The amorphous form of hydrous ruthenium oxides was found to
be a promising material for high power and high energy density of
ECs, but the cost problem restricts their widespread usages [9-11].
Up to now, NiO has become a promising candidate material for the
ECs due to its inexpensive and excellent performance [12]. Espe-
cially for the nano-NiO, which plays a excellent electrochemical
capacitive performance in ECs due to its high specific surface area
and fast redox reactions [13].

Generally, the ECs electrolytes are classified into organic and
aqueous solutions [14,15]. The organic ECs system is more effec-
tive in energy storage from the viewpoint of its wider potential win-
dow compared with that of an aqueous, but the leakage or evaporation
of the solvent from the organic electrolyte solutions limits its long-
term stability [16]. In the case of aqueous system, the fabrication
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processes of the ECs are easy. However, most of the aqueous system
is one-component electrolyte [17,18]. To increase the performance
of ECs, we used the mixed electrolyte in this experiment.

In this paper, in order to improve the performances of ECs, nano-
NiO was prepared by high temperature solid-state method. Further-
more, we applied the mixed electrolyte consisting of NaOH, KOH,
LiOH, and Li,CO; to NiO ECs, and the component and concentra-
tion of the four different electrolytes was studied by orthogonal test.
At a scan rate of 10 mV s™, the fabricated capacitor exhibits excel-
lent electrochemical capacitive performance, while the specific capac-
itance and the energy density were 239 F g™ and 85 Wh kg™, which
was higher than one-component electrolyte. To our knowledge, using
the orthogonal experiment to study the optimum condition of the
mixed electrolyte has not been reported.

EXPERIMENTAL

1. Synthesis of the NiO

The nano-NiO was prepared by high temperature solid-state
method. The precursor was prepared by grinding oxalic acid with
nickel acetate tetrahydrate for 30 min (the molar ratio was 1: 1),
and the reseda powder was obtained, then the powders were cal-
cined at 350 °C for 2 hours to obtain the final product NiO. The as-
prepared NiO was characterized X-ray diffraction (XRD, Bruker
DB8) and scanning electron microscopy (SEM, JSM-2100).
2. Electrochemical Tests

The cathode electrode was formed by mixing 87 wt% NiO, 10
wt% Super P (SP) and 3 wt% polytetrafluoroethylene (PTFE) as
binder, and then was pressed onto nickel foam which serves as a
current collector. The anode electrode was prepared by mixing 80
wt% active carbon, 10 wt% SP and 10 wt% PTFE. The measure-
ments of cyclic voltammetry (CV) were performed in a three-elec-
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Fig. 1. XRD patterns of synthesized NiO powder.

trode cell at a scan rate of 10 mV s™'. The cathode electrode, anode
electrode and Hg/HgO electrode were used as the working, counter
and reference electrodes, respectively. A CHI660B electrochemical
workstation was employed for obtaining the electrochemical imped-
ance spectra (EIS) with the frequency range from 100 KHz to 0.01
Hz at a voltage amplitude of 5 mV.

RESULTS AND DISCUSSION

1. XRD

Fig. 1 shows the XRD pattern of NiO powder prepared by high
temperature solid-state method. The diffraction peaks at 37.2°, 43.3°,
62.9°, 75.4° and 79.4° are the typical character diffraction peaks of
NiO, which agrees with that of the standard values [19]. All these
diffraction peaks, including not only the peak positions but also their
relative intensities, can be perfectly indexed into the cubic crystal-
line structure of NiO (JCPDS card 65-5745, a=4.177 nm, b=4.177
nm, ¢c=4.177 nm). The grain size of the NiO crystalline is calcu-
lated from the major diffraction peak (200) using Scherrer’s for-

mula [18] (Eq. (1)):
D=0.89./Bcosé 9]

Where D is the average crystallite size; A is the wavelength used;
B is the full width at half maximum of the peak, &is Bragg’s angle
of the XRD peak. The grain size was found to be about 34.6 nm.
2. SEM

Fig. 2 shows the SEM images of the as-prepared NiO powders
at different magnifications. From the observed SEM images, it can
be seen that the powders consist of agglomerates with different shapes
(Fig. 2(a)). The agglomerates themselves consist of very fine parti-
cles (Fig. 2(b) and Fig. 2(c)) with sizes under 80 nm. The nano-
structure of NiO was thought to be beneficial to ionic charge transport
and enhancing the capacitance due to surface effects.
3. Orthogonal Test Results and Discussions

It is well known that the electrolyte composition has an impor-
tant effect on the performance of the capacitor. Therefore, the mixed
electrolyte with NaOH, KOH, LiOH and LL,CO, was studied to
increase the electrochemical capacitive performance of NiO capac-
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Fig. 2. SEM images of the as-prepared NiO powders at different
magnifications: (a) 10,000x, (b) 30,000%, and (c) 50,000x.

itor. The best performance would be exerted when the composition
of the mixed electrolyte was optimized. Hence, the quantity of the
above four factors was examined in the following ranges: quantity
of NaOH: 1-3 mol L™', quantity of KOH: 1-3 mol L™, quantity of
LiOH: 0.050-0.100 mol L™, and quantity of Li,CO5: 0.050-0.100
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Table 1. The orthogonal test factors and levels

Table 2. The orthogonal test results

Factors and NaOH/ KOH/ LiOH/ Li,COy/ NaOH/ KOH/ LiOH/ LiCO,/  Capacitance/

levels molL”"  molL™" molL"' molL™” molL”" molL" molL" molL" mol L™

1 1 1 0.050 0.050 1 1 1 0.050 0.050 100.80

2 2 2 0.075 0.075 2 1 2 0.075 0.075 46.51

3 3 3 0.100 0.100 3 1 3 0.100 0.100 59.78

4 2 1 0.075 0.100 52.01

mol L. Three levels were then chosen in each test factor. The test 5 2 2 0.100 0.050 116.86

project contains four factors-three levels (see Table 1) The results 6 2 3 0.050 0.075 219.84

are shown in Table 2. The specific capacitance can be calculated 7 3 1 0.100  0.075 88.50

from CVs according to Eq. (2). 8 3 2 0.050  0.100 62.55

3-1. Effect of Electrolyte Composition on the Specific Capacitance 9 3 3 0.075  0.050 169.38
of NiO Capacitor I 69.03 80.44 12773  129.01
The effect of the mixed electrolyte composition on the specific I 12957 75.31 89.3 118.28
capacitance of NiO capacitor is shown in Fig. 3. Fig. 3(a) shows oI 106.81 149.67  88.38 58.11
the effect of NaOH density on the specific capacitance of NiO. It is R 60.54 7436  39.35 70.90

obvious that the specific capacitance increases first, and then decreases
with an increase of KOH density; the capacitance reaches the max-
imum value when the NaOH concentration is 2 mol L™ The rea-
son may be due to the diameter of Na". The ion with small diameter
can be easy to pass through the micropores of the electrode in a short
time, so the resistance is small, leading to an increase of specific
capacitance. However, the transmission speed becomes smaller when
the NaOH density is large enough, which leads to a decrease of cap-
acitance.

The relationship between the KOH density and specific capaci-
tance is shown in Fig. 3(b). The results show that the specific capaci-
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tance first decreased then increased with the increasing of KOH
density. The maximum value of capacitance was obtained when
the concentration was 3 mol L. The main reason was due to the
increased double-layer capacitance after the addition of KOH, and
the double-layer capacitance relates to the ion concentration. Within
a certain range of concentration, the double-layer is compressed
gradually with the increasing of KOH density, and the thickness of
the layer is decreased, leading to the increase of double-layer capac-
itance. As shown in Fig. 3(c) and Fig. 3(d), the capacitance decreases
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Fig. 3. Effects of four electrolyte compositions on the specific capacitance of NiO capacitor: (a) NaOH, (b) KOH, (c) LiOH, and (d) Li,CO..
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Fig. 4. CV curves of the NiO electrodes in different electrolytes at
scan rate of 10 mV s~

with an increase of LiOH and Li,CO; density. It is demonstrated
that the Li" has important effect on the performance of capacitor.
3-2. The Optimal Results

Key factors were ranked according to the maximum difference
R; (range values) of each column; their significance can be graded
in order. The bigger the R; is, the more significant the factor will
be, and results are listed in Table 2. This enables the deduction that
effects caused by different factor’s level are different. The analysis
results showed that the R; values of the NaOH, KOH, LiOH, and
Li,CO, were 60.54, 74.36, 39.35, and 70.90, respectively. The effect
of KOH on discharge specific capacitance was the most important
and Li,CO, was the second, followed by NaOH and LiOH, and the
optimal composition of the mixed electrolyte was: NaOH 2 mol L™,
KOH 3 mol L™, LiOH 0.05 mol L™, and L,CO, 0.05 mol L™".
4. CV Results

CV curve was considered to be a suitable tool to characterize the
capacitive behavior of electrode materials. Fig. 4 shows the CV curves
of NiO electrodes in different electrolytes at scan rate of 10mV s™.
The CV curves show that the NiO electrodes in different electro-
lytes exhibited similar behavior; there is a pair of anodic and cathodic
peaks centered at 0.32 and 0.45 V versus Hg/HgO, respectively. It
is distinguished from that of the electric double-layer capacitance
in which the shape of CV curves is usually close to an ideal rectan-
gular shape, indicating that the capacity mainly results in the pseudoca-
pacitance from the Ni*'/Ni** reversible redox process. However, it
also can be seen that the area under the current and potential curve
involved during oxidation and reduction of NiO electrode in mixed
electrolyte (2 mol L™ NaOH+3 mol L™ KOH~+0.05 mol L™ LiOH+
0.05 mol L' Li,CO;) at scan rate of 10mV s™' appears to be the
biggest among the five electrolytes, which means that the capaci-
tance characteristic of the mixed electrolyte was superior to one-
component electrolyte. The specific capacitance (C,,) can be calcu-
lated form CV curves according to Eq. (2).

1 Vi

Cm - 2AVm VO'[ Vinital |1|dV (2)

Where C,, is the specific capacitance of active material, AV is

voltage difference, v, is the scan rate, V,,, is initial voltage, Vj,, is
the final voltage, and the m is the amount of active material. The
calculation results showed that the specific capacitance of NiO tested
in mixed electrolyte, KOH, Li,CO;, NaOH, and LiOH was 239,
186, 146, 137, and 130 F g ', respectively.
The energy density (E) was obtained from Eq. (3).
[

E= EC’"V 3

Where C,, is the specific capacitance and (V) is the voltage. The
calculation results showed that the energy density of the mixed elec-
trolyte, KOH, Li,CO,, NaOH, and LiOH was 85, 66, 52, 49, and
46 Wh kg™, respectively.

The as-prepared sample shows an excellent capacitance perfor-
mance in the mixed electrolyte. For the mixed electrolyte, the least
ionic transfer and diffusion resistance led to an excellent capacitance
retention property. For one-component electrolyte, due to the larger
solvated ion diameter and higher ion transfer resistance, the capaci-
tive performance was inferior to the mixed electrolyte in terms of
specific capacitance and power density.

5. EIS Results

EIS, as a powerful technique for the investigation of capacitive
behavior of electrochemical cells, has also been used to check the
ability of NiO electrodes to store electrical energy. Fig. 5 shows the
Nyquist plots of NiO electrodes in the mixed electrolyte, KOH, LiCO,,
NaOH, and LiOH aqueous electrolyte. The Nyquist plots exhibit
arc shape in high frequency range and an inclined straight line in
low frequencies. From the point intersecting with the real axis in the
range of high frequency, it can be seen that the values of the internal
resistance of electrolyte were estimated as little as ca. 0.40 Q for
the mixed electrolyte under this experimental condition [17], and
the electrolyte resistances of KOH, LiCO,, NaOH and LiOH were
0.41,0.42, 0.43 and 0.44 €, respectively. It is demonstrated that the
mixed electrolyte has high ionic conductivity compared with one-
component electrolyte. On the other hand, a line close to 90° attrib-
uted to a capacitive behavior was observed for the mixed electro-

o Li,CO, electrolyte
o KOH electrolyte
4 Mixed electrolyte

41 v NaOH electrolyte
< LiOH electrolyte

Ae
<l

,
~ o
(¥]

Z'Q

Fig. 5. Nyquist plots of the NiO electrodes in different electrolytes
between (.01 Hz and 100 KHz. Inset shows a magnified area
of the plot for the high frequency range.
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Iyte, which means that the mixed-based capacitor may contain the
pseudocapacitance of a few percent of total capacitance [20]. There-
fore, the pseudocapacitance may be responsible for the high capaci-
tance for the mixed electrolyte than that for the KOH, LiCO,, NaOH
or LiOH aqueous solution, which agrees well with the CV results.

CONCLUSIONS

The nano-NiO was prepared by high temperature solid-state method
for the electrode material of ECs. The XRD results showed that the
NiO was cubic crystalline structure, and the grain size of the crystal-
line was 34.6 nm. On the other hand, in order to enhance the specific
capacitance and energy density of ECs, we have applied a mixed
electrolyte consisting of NaOH, KOH, LiOH and Li,CO; to NiO
capacitor, and the component and concentration of the five different
electrolytes was examined by orthogonal test. The effect of KOH on
discharge specific capacitance was the most important and Li,CO,
was the second, followed by NaOH and LiOH, and the optimal com-
position of the mixed electrolyte was: NaOH 2 mol L™, KOH 3 mol
L', LiOH 0.05 mol L', and Li,CO, 0.05 mol L™'. At a scan rate
of 10mV s, the fabricated capacitor exhibits excellent electrochem-
ical capacitive performance, while the specific capacitance and the
energy density were 239.0F g and 85 Wh kg™, which was higher
than one-component electrolyte.
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