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Ni(OH). and Co-doped Ni(OH)2 ultrafine particles were synthesized by coprecipitation method. When
the molar ratio of Ni*:Co?* in the precursor solution was 5:1, the resulted Co-doped Ni(OH) ultrafine
particles displayed a high specific capacitance of 669.57 F gt at a current density of 1 A g%, and 94%

initial specific capacitance remained after 500 charge-discharge cycles at a current density of 16 A g,
showing better electrochemical performance than Ni(OH)2 ultrafine particles. The introduction of Co?*
improved the electrochemical performance of Ni(OH)2 electrode material.
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1. INTRODUCTION

With rapid development of the global economy, the consumption of fossil fuels (oil, coal, etc.)
Is increasing at an alarming rate. Energy shortage and environmental pollution have become two major
obstacles to human development. Therefore, it is urgent to develop new energy sources that are
efficient, clean and sustainable. Meanwhile, the development of advanced energy conversion and
storage technologies plays an important role in maintaining the balanced development of the global
economy [1-3]. Among various energy storage systems, electrochemical energy storage technologies,
such as lithium ion batteries, fuel cells, and supercapacitors, are the most widely used. As a new type
of environmentally-friendly and high-efficiency energy storage device, supercapacitor has higher
energy density than conventional capacitors and higher power density than secondary batteries (lithium
batteries). At the same time, it has many advantages such as long cycle life, high charge-discharge
efficiency, wide operating temperature range, etc. Therefore it has attracted extensive attention in the
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field of energy storage [4]. In recent years, supercapacitors are mainly used in some portable electronic
products, mobile devices and energy recovery systems generated during braking. In the future,
supercapacitor technology will also have the same important status as lithium battery in the field of
new energy transportation.

In general, supercapacitors can be classified into two types according to their energy storage
mechanisms: electric double layer capacitors and pseudocapacitors [5]. The electric double layers
depend on electric double layer generated by charge separation at the electrode/electrolyte interface to
store energy. Carbon materials (activated carbon, graphene, carbon nanotubes, etc.) having a high
specific surface area and high electrical conductivity are often used as electrode materials for electric
double layer capacitors. Pseudocapacitors depend on a fast reversible redox reaction on the surface (or
subsurface) of the electrode to store energy. Metal oxides/hydroxides, metal sulfides, and conductive
polymers that follow the pseudocapacitor mechanism have been widely studied as pseudocapacitor
electrode materials [6]. Ni(OH). has received special attention due to its high specific capacitance, low
cost and good electrochemical redox activity. However, Ni(OH) is a p-type semiconductor with poor
electronic conductivity, which limits its application. In order to improve its electrochemical
performance, Ni(OH)2 needs to be doped and/or surface modified. In recent years, the preparation of
double hydroxide electrode materials has received intensive attention. Double hydroxide can exert the
synergistic effect of various materials, increase the specific surface area, promote electron transfer, and
improve the cycling stability [7,8]. A large number of studies have shown that the doping of Co?* can
effectively improve electrochemical performance of Ni(OH)2 [9-12]. Xu et al. [13] synthesized a
urchin-like Ni(OH)2-Co(OH)2 hollow microsphere by microwave-incorporated hydrothermal method.
The Ni(OH).-Co(OH)2 hollow microspheres have a high specific capacitance of 2164 Fgtat1 A g*
and long cycle life compared to Ni(OH), (1807 F g) and Co(OH). (551 F g1) at the same current
density. Liu et al. [14] successfully grew Co-doped a-Ni(OH)2 multi-dimensional structure on nickel
foam. This Co-doped a-Ni(OH), material exhibited a specific capacitance of 2897.76 F g at the
current density of 1 A g*. And after 3000 charge-discharge cycles, the coulomb efficiency is as high as
98.8%, showing excellent electrochemical performance.

In this paper, Ni(OH), and Co-doped Ni(OH). ultrafine particles were synthesized by
coprecipitation method. The doping of Co?* plays an important role in increasing the electrical
performance of Ni(OH)..

2. EXPERIMENTAL

2.1 Chemicals

In the experiment, NaOH, glucose, Ni(NOs)2:6H20 and CoCl,-6H2.O were purchased from
Beijing Chemical Reagent Company (Beijing, PR China). The chemicals used in this experiment were
analytical grade and used without further purification. Deionized water was used through the
experiment.
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2.2 Synthesized of electrode materials

0.1 g of NaOH and 20 g of glucose were added to 100 mL of deionized water, stirred and fully
dissolved. 5x10° mol of CoCl,-6H,0 was added to 100 mL of 0.01 mol L™ Ni(NOs) solution. The
mixed solution was added dropwise to the prepared glucose alkaline solution at a dropping rate of
about 1 drop s*. After completion of the dropwise addition, the mixture was quickly transferred to a
high-speed centrifugal machine and centrifuged at 8000 rpm for 10 min. The resulted precipitate was
washed 10 times with deionized water and then dried overnight. Thus Co-doped Ni(OH). ultrafine
particles with Ni:Co molar ratio of 20:1 was obtained, which was denoted as 1Co-Ni(OH).. Co-doped
Ni(OH)2 ultrafine particles with Ni:Co molar ratio of 10:1 and 5:1 were denoted as 2Co-Ni(OH). and
3C0-Ni(OH).. The synthesis of Ni(OH) ultrafine particles is referred to reference 15.

2.3 Material Characterization

The morphology of the synthesized ultrafine particles was observed using an S-4700 field
emission scanning electron microscope (SEM, Hitachi, Japan). The crystal structure of the samples
were investigated by X-ray diffraction analyzer (XRD, Bruker D8 Advance, Germany) with Cu Ka
radiation (A=0.154nm). The Xx-ray photoelectron spectra (XPS) were measured by ESCALAB 250
(ThermoFisher Scientific, USA) equipped with x-ray source of twin anode Al Ko 300W. The XPS
spectrometer was configured to operate with 200 eV pass energy for survey, and 30 eV for high
resolution scans. All binding energies were calibrated to C1s at 284.6 eV. The chemical compositions
of the samples were analyzed by energy dispersive X-ray spectroscopy (EDS, JEOL, Japan).

2.4 Preparation of the electrodes

The nickel foam substrate (1x3 cm) was ultrasonically washed in 1 mol L of dilute
hydrochloric acid, acetone, ethanol and deionized water for 10 min, respectively, and finally dried in a
vacuum oven for 24 h,

Typically, 80wt.% ultrafine powder, 10wt.% acetylene black as a conductive agent, 10wt.%
polytetrafluoroethylene (PTFE) as a binder, were uniformly mixed. The formed slurry was uniformly
coated on the treated nickel foam substrate with a coating area of about 1 cm?, and the prepared
electrode was dried in a vacuum oven for 24 h.

2.5 Electrochemical measurement

Electrochemical testing was performed on a CHI660E electrochemical workstation (Shanghai
CH Instrument Company, PR China) at room temperature (25 ‘C). All tests were performed using a
three-electrode system in an aqueous 6.0 M KOH solution. Co-Ni(OH): electrode, platinum mesh (1.5
x1.5 c¢cm) and Hg/HgO electrode (1.0 M KOH as salt bridge solution) were used as the working
electrode, counter electrode and reference electrode, respectively.
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The cyclic voltammetry curves (CV) of the electrodes were tested in range of 0 to 0.5 V at
various scan rates (50, 20, 10, 5 and 2 mV s). Galvanostatic charge-discharge testing was performed
at various current density (1, 2, 4, 8 and 16 A g) in range of 0 to 0.5 V. 500 galvanostatic charge-
discharge cycles were performed at 16 A g* to evaluate cycle stability of the electrodes. The
electrochemical impedance spectroscopy (EIS) was tested in range of 10 mHz to 100 kHz with an
amplitude of 5 mV.

3. RESULTS AND DISCUSSION

3.1 Microstructure

Figure 1. SEM images of Ni(OH)2 (a), 1Co-Ni(OH)2 (b), 2Co-Ni(OH). (c) and 3Co-Ni(OH). (d)
ultrafine particles

Fig.1 exhibits the SEM images of Ni(OH)2, 1Co-Ni(OH)2, 2Co-Ni(OH), and 3Co-Ni(OH)
ultrafine particles synthesized by coprecipitation method. As can be seen from the figure, all the
samples show ultrafine spherical particles with a particle size distribution of about 5-15 nm. Due to
hydrogen bonds between glucose and water molecules, "some confined spaces" were formed in the
glucose alkaline solution, which limit the combination of metal ions and OH" ions in a small space,
therefore ultrafine particles were obtained [15]. The morphologies of ultrafine particles were not
affected by the additional Co?* ions.
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Figure 2. XRD patterns of Ni(OH)2 (a), 1Co-Ni(OH)2 (b), 2Co-Ni(OH)2 (c) and 3Co-Ni(OH). (d)
ultrafine particles

XRD patterns of all samples are showed in Fig.2. The diffraction peaks at 26 values of 12.1°,
24.6°, 33.3° and 59.9° are indexed to Ni(OH). (003), (006), (101) and (110) planes (JCPDS Card
No0.38-0715), respectively. The XRD patterns of Co-doped Ni(OH). materials are similar to that of
pure Ni(OH). and phases of the doped Co ion were not detected, this is because the positions of Ni*
are occupied by Co?*. The similar radius of Co?" and Ni?* results in little changes in their crystal
structures and peak positions, so it is not easy to observe. It is indicated that the Co-doped Ni(OH):
composites have been well synthesized [10].
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Figure 3. XPS spectra of Ni 2p for all samples (a) and Co 2p for Co-Ni(OH)2 samples (b)

XPS spectra of Ni 2p and Co 2p in the samples are shown in Fig.3. The two peaks at 855.9 and
873.5 eV correspond to Ni 2ps2 and Ni 2py2 in all the samples, respectively, with the spin-energy
separation of 17.6 eV, which are characteristic of a Ni(OH). phase [16,17]. Moreover, the satellite
peaks located at 861.8 and 880.2 eV are observed [18]. The peaks at 781.1 and 796.2 eV in Fig. 3 (b)
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correspond to Co 2psr and Co 2p12 in Co(OH)., respectively. In addition, two shakeup satellites at
786.5 and 802.9 eV further confirm the existence of Co(OH)2 [19].
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Figure 4. EDS results of Ni(OH)z2 (a), 1Co-Ni(OH)2 (b), 2Co-Ni(OH)2 (c) and 3Co-Ni(OH): (d)

Table 1. Chemical composition of Ni(OH)2 and Co-Ni(OH)2 samples

Sample Ni/Co (mol/mol) O/(Ni+Co)(mol/mol)

Ni(OH)2 — 1.98
1Co-Ni(OH)2 19.87 2.01
2Co-Ni(OH)2 11.11 1.92
3Co-Ni(OH), 5.11 2.09

The chemical composition of each electrode material is determined by EDS analysis (shown in
Fig.4), and the atomic ratio of Ni/Co and O/(Ni+Co) are calculated (listed in Table 1). The results
show that the atomic ratio of O/Ni in Ni(OH)2 electrode material is 1.98, closing to the stoichiometric
ratio of Ni?* and OH"in Ni(OH).. In addition, the molar ratio of Ni/Co is closed to 20, 10, 5 in 1Co-
Ni(OH)2, 2Co-Ni(OH)2, 3Co-Ni(OH)2 sample, respectively, indicating that the Ni/Co molar ratio in the
precursor solution is maintained.
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3.2 Electrochemical properties
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Figure 5. (a) CV curves of Ni(OH)2, 1Co-Ni(OH)2, 2Co-Ni(OH)2, 3Co-Ni(OH). electrodes at a scan
rate of 20 mV s*; (b) CV curves of 3Co-Ni(OH); electrode at scan rate from 2 to 50 mV st; (c)
GCD curves of Ni(OH)2, 1Co-Ni(OH)2, 2Co-Ni(OH), 3Co-Ni(OH) electrodes at a current
density of 1 A g%; (d) GCD curves of 3Co-Ni(OH); at current density from 1to 16 A gL,

The CV curves of the electrodes (shown in Fig.5) are tested at a scan rate of 20 mV s in the
potential range from 0 to 0.5 V. A couple of redox peaks can be observed in each CV curve, indicating
that their electrochemical capacitance is mainly derived from Faraday reaction and pseudocapacitance
[13]. The redox reaction of Ni(OH)2 electrode can be expressed by the following equation [20]:

Ni(OH), + OH" <> NiOOH + H,0 + ¢ 1)

In the CV curve of Ni(OH): electrode, the anode peak corresponds to oxidation of Ni(OH)2 to
NiOOH, and the cathode peak corresponds to reverse process [21]. It can be seen that the CV integral
area of 3Co-Ni(OH)2 electrode is larger than those of other electrodes. Fig.5 (b) is CV curves of the
3Co-Ni(OH), electrode at a scan rate of 2, 5, 10, 20, 50 mV s, respectively. The peak current
increases with increase of the scan rate; however, the shape of the curve remains unchanged, showing
excellent rate performance. In addition, the oxidation peak shifts positively and the reduction peak
shifts negatively as scan rate increases, which is caused by an increase in internal diffusion resistance
[14].

In order to investigate discharge specific capacitance values of the electrodes, the galvanostatic
charge-discharge (GCD) experiments were carried out. In potential range from 0 to 0.5 V, the
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galvanostatic charge-discharge behavior of each electrode in a 6 mol L™ KOH electrolyte at a current
density of 1 A gt is shown in Fig.5 (c). All galvanostatic charge and discharge curves of Ni(OH). and
Co-Ni(OH). electrodes exhibit pseudocapacitance characteristics, which are consistent with the results
of CV test. In GCD curve, the vertical variation portion corresponds to charge separation at the
electrode/electrolyte interface, and oblique variation portion corresponds to the electrochemical redox
reaction [22]. In addition, it can be observed from the figure that the discharge time of 3Co-Ni(OH)>
electrode is highest among all the electrodes. The discharge specific capacitance of the electrode
during galvanostatic charge-discharge can be calculated by the following equation [23]:

1At
D AV (2)

Where Cs, (F g1) is the discharge specific capacitance, m (g) is the mass of the active material,
AV (V) is the potential range, I (A) is the applied discharge current, and At (s) is the discharge time.

The specific capacitance of 1Co-Ni(OH)2, 2Co-Ni(OH)., and 3Co-Ni(OH): electrode reaches
367.42, 450.42 and 669.57 F g at a current density of 1 A g, respectively, higher than that of
Ni(OH). electrode (259.56 F g1). In order to further investigate the electrochemical properties of 3Co-
Ni(OH). electrode, GCD curves of the electrode were tested at various current density, which are
showed in Fig.5 (d). Obviously, the discharge time gradually decreases as the current density increases,
similar to previous studies [18,24,25]. As current density increases, the transfer rate of electron/ion
increases. As a result, the effective interaction between the electron/ion and the electrode is reduced,
leading to a reduction in discharge time. The specific capacitance of 3Co-Ni(OH): electrode is 602.39,
568.71, 481.25 and 384.11 F gt at 2, 4, 8 and 16 A g%, corresponding to 90, 85, 72 and 57% of the
specific capacitance values at 1 A g, respectively. When current density increases sequentially, the
specific capacitance fading is smaller than those of Ni(OH). electrode (89, 80, 69 and 61%,
respectively), indicating that redox reaction can occur quickly in 3Co-Ni(OH). electrode at high
current density. The formation of conductive CoOOH in ultrafine particles during the charge process
accounts for the specific capacitance increase and slow attenuation of 3Co-Ni(OH)z electrode. CoOOH
can effectively improve the conductivity of Ni(OH)2 electrode, which results in higher active material
utilization rate and faster charge transfer [26]. The polarization participation increases with the
increase of current density, which explains why the value of specific capacitance decreases with the
increase of current density [27].

Cycle stability is very vital for assessing the practical application of energy storage materials.
The cyclic stability of the Ni(OH). and 3Co-Ni(OH). materials was examined by a galvanostatic
charge-discharge experiment for 500 cycles at a high current density of 16 A g, as shown in Fig.6. It
is clear that the 3Co-Ni(OH)2 electrode retains 94% of the initial specific capacitance after 500 cycles,
showing high cycle stability. The results suggest that the 3Co-Ni(OH), material has long-term
electrochemical stability and high charge-discharge reversibility.
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Figure 6. Cycling performance of Ni(OH)2 and 3Co-Ni(OH). materials in a 6 M KOH electrolyte
measured using the galvanostatic charge-discharge technique at a current density of 16 A g*.

The electrochemical performances of 3Co-Ni(OH). and other materials in literatures are
compared in Table 2. It can be seen that the 3Co-Ni(OH)2 shows better electrochemical performance,

which is probably due to decreased diffusion resistance between 3Co-Ni(OH)2 ultrafine particles.

Table 2. Comparison of electrochemical performances of 3Co-Ni(OH)2 and other materials

Current  Specific
Materials Density Capacitance Cycles Stability Reference
(Agh  (Fgh

dxit;ﬁ'h';g’fgj?d . 1 560 80% (1000 cycles) 28]
r']\;'ngsc;] Qg’tgr;’r);;‘:/‘:‘; 1 2033  87.5% (1000 cycles)  [29]
g Oﬂgﬁ'h'%f;i?d .1 482 94% (400 cycles) [30]
Co-doped Ni(OH)z 669.57 94% (500 cycles)  This work

ultrafine particles
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Figure 7. Nyquist plots of the Ni(OH)2 and 3Co-Ni(OH). electrodes, insets are the details of high
frequency and equivalent circuit model

To further elucidate the excellent electrochemical performance of 3Co-Ni(OH); electrode, the
electrochemical impedance spectroscopies of Ni(OH)> and 3Co-Ni(OH), materials were studied
(shown in Fig.7). The equivalent circuit model (ECM) is also shown in Fig.7. Typically, the Nyquist
plot consists of an approximate semicircle at high frequencies and a sloped straight line at low
frequencies. In the high frequency region, the 3Co-Ni(OH): electrode shows a smaller intercept on the
horizontal axis, indicating that the internal resistance of the 3Co-Ni(OH): electrode is smaller [31]. The
diameter of semicircular reflects the charge transfer resistance (R2) caused by the Faraday reaction and
the electrochemical double layer capacitance. The 3Co-Ni(OH); electrode has a smaller charge transfer
resistance than the Ni(OH); electrode, corresponding to a high specific capacitance [13].

4. CONCLUSIONS

Co-doped Ni(OH): ultrafine particles were successfully synthesized by coprecipitation method.
The results show that when the molar ratio of Ni?*:Co?* is 5:1, Co-Ni(OH). material exhibits a high
specific capacitance (669.57 F g) at current density 1 A g, and high cycle stability (94% specific
capacitance retention rate after 500 galvanostatic charge-discharge cycles at a high current density of
16 A g), showing excellent electrochemical performance. The specific capacitance increase is due to
the formation of conductive CoOOH in ultrafine particles during the charge process, which can
effectively improve the conductivity of Ni(OH): electrode. Co-doped Ni(OH). is a promising
supercapacitor electrode material.
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