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Porous spherical NiCo,0O4 powders with a micro—nano structure were prepared by the spray drying method
using citric acid as the chelating agent and soluble salts as cobalt and nickel sources. By calcination at
300 °C, spherical and single-phase spinel-type NiCo,O4 powders were obtained. The powders with
particle sizes of 0.5-3 um were aggregations of nano-sized grains (about 15-30 nm). The electrical
property tests demonstrated that the synthesized NiCo,0, has a specific capacitance of 430.67 F g~* at
a current density of 1 A g~! and a capacitance retention rate of 100% after 3000 cycles at a current
density of 4 A g%, indicating excellent cycling stability. On assembly into an asymmetric supercapacitor
device, a specific capacitance of 37.06 F g~ and energy density of 13.18 W h kg~* at a power density of
800 W kg~! and a current density of 1 A g~ were demonstrated. The micro—nano structured porous
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Introduction

Supercapacitors have been widely used in many fields by virtue
of their advantages such as high power density, rapid charge
and discharge and excellent cycling stability." Based on the
energy storage mechanism, the fast and reversible redox reac-
tion of a pseudocapacitor leads to higher specific capacity than
that of an electric double-layer capacitor.>* Thus, the study of
pseudocapacitor materials has become a hot topic in the field of
energy storage. Among the materials studied, such as RuO,,
NiO, MnO,, and Co304, spinel NiCo,0, is considered to be one
of the most promising materials for supercapacitors due to its
high specific capacitance, excellent cycling stability, low cost
and environmental friendliness.*” However, at high current
densities, the relatively low conductivity, cycling stability and
poor rate performance have restricted the practical application
of NiC0,0,.%

At present, the research on the single-phase NiCo,0, mate-
rials mainly focuses on the preparation of special micromor-
phology to increase the specific surface area and then improve
the electrochemical performance.®™® The nanorods, nanowires,
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nanosheets and urchin-like particles of NiCo,0, were prepared
on a Ni foam network, and they exhibited better specific
capacitance, energy density and cycling stability.®** However
the above-mentioned synthesis reactions were carried out on
a Ni foam or carbon fabric substrate in solution and there is
a high demand for equipment; thus, the substrates may be
contaminated and mass production is also not easy to achieve.
Currently, mass production methods, such as co-precipitation*®
and sol-gel,"” are suitable for preparing NiCo,0, nanoparticles,
but the synthesized nanoparticles without special morphology
are easy to agglomerate and their electrochemical performances
are relatively poor; even a small number of mono-dispersed
nanoparticles may pass through the separator and cause
a short circuit. In general, the nano-structured NiCo,0, is
advantageous for increasing specific capacitance and energy
density due to the increase in its specific surface area and the
short diffusion path of the charge.'® In addition, it has been
proved that the channels of the porous electrode materials can
make charge transfer fast and enhance the high rate charge-
discharge performance.’*”® Based on the above-mentioned
summary and analysis, it is necessary to develop a low-cost
method for preparing a porous NiCo,0, material with special
morphology. In recent years, the authors have successfully
prepared spherical porous Li,TisO;, and LiFePO,/C materials
with a micro-nano structure by a low-cost, continuous and
mass production spray drying technology. The as-obtained
materials showed excellent electrochemical performance and
cycle life.*** Therefore, the objective of this article is to use

This journal is © The Royal Society of Chemistry 2020
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a low-cost, continuous, mass production spray drying tech-
nology to synthesize spherical, porous NiCo,0, materials with
special micro-nano structures and achieve good electro-
chemical performance.

In this work, the solid, micro-nano structured spherical
porous NiCo,0, powders were prepared by a spray-drying
process using citric acid as the chelating agent and soluble
salts as cobalt and nickel sources. The microstructure, phase
and electrochemical properties of the samples obtained were
investigated.

Experimental
Preparation of samples

Ni(CH;COOH), - 4H,0, Co(CH;COOH), -4H,0 and C¢HgO,-H,0
(citric acid) in a molar ratio of 1 : 2 : 3 were completely dissolved
in 50 mL deionized water and then the pH of the obtained
solution was adjusted to 8.0-8.5 by aqueous ammonia. Finally,
the above-mixed solution was placed in a forced-air oven at
150 °C for 14 h to obtain a chelated purple solid. The product
obtained was dissolved using ammonia in 100 mL deionized
water and 50 mL C,4H;,0, (ethylene glycol ether) was added in.
The spherical NiCo,0, precursor was obtained by spray-drying
the solution at a temperature of 150 °C, pressure of 0.3 MPa,
and a feeding rate of 550 mL h™". The spherical porous NiCo,0,
with a micro-nano structure was prepared by calcination of the
spherical NiCo,0, precursor at 250-500 °C for 4 h in air.

Physical characterization

X-ray diffraction (XRD, Empyrean with Cu-Ko. radiation),
transmission electron microscopy (TEM, JEM 2100F, Japan) and
scanning electron microscopy (SEM, SUPRA 55) were used to
study the phase structure and morphology of the sample,
respectively. The N, adsorption and desorption test (BET,
Quantachrome 3SI-MP-11) method was employed to determine
the surface area and pore size of the sample. X-ray photoelec-
tron spectroscopy (XPS, PHI 5700) was used to analyze the
surface element content of the sample.

Electrochemical measurements

The working electrode was prepared by mixing and dispersing
80 wt% active material, 10 wt% acetylene black and 10 wt%
polyvinylidene fluoride (PVDF) in 1-methyl-2-pyrrolidone
(NMP). The mixed slurry was coated on 1 cm® of cleaned
foamed nickel and dried in a vacuum at 110 °C for over 12 h.
The mass of the active substance on the electrode was approx-
imately 1 mg. In the three-electrode electrochemical tests at the
electrochemical workstation (CHI600B, Shanghai, China),
a saturated calomel electrode (SCE) was used as the reference
electrode, a platinum electrode was used as the counter elec-
trode, and 2 M KOH was used as the electrolyte. An asymmetric
supercapacitor was assembled, with the active material as the
positive electrode material, activated carbon as the negative
electrode material, and glass fibre as the separator, and tested
on the Neware Battery Testing System (CT-S4, Guangdong,
China).
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Results and discussion
Material characterization

Fig. 1 shows the XRD patterns of the obtained samples at the
different temperatures. It was observed that the obtained
precursor and sample calcined at 250 °C were amorphous due
to the existence of no obvious diffraction peak (Fig. 1a and b),
showing no NiCo,0, crystal obtained below 250 °C. When the
calcination temperatures were between 300 °C and 400 °C, the
amorphous precursor crystallized into a single-phased spinel-
type NiCo,0, (Fig. 1c-e). The diffraction pattern of the
calcined sample was completely consistent with the NiCo,0,
diffraction pattern (JCPDS: 73-1702), while the strong X-ray
diffraction characteristic peaks observed at 30.9°, 36.4°, 44.2°,
58.8°and 64.7° correspond to the (220), (311), (400), (511) and
(440) crystal faces, respectively. When temperatures were
greater than 450 °C, the spinel-type NiCo,0, decomposed into
spinel-type Co;0, and NiO, indicating that the spinel type
NiCo,0, is metastable since the strong redox reactions of Co®"/
Co”" and Ni**/Ni*" cause structural changes in NiCo,0, above
a certain temperature.” This phenomenon agrees well with
the research results.*** According to the Scherrer formula
(i.e. D = 0.89/(B cos #)), detailed peak broadening analysis of
the (311) XRD reflection indicates that the average grain size of
the obtained NiCo,0, samples can be estimated to be ~15, ~21
and ~24 nm at 300, 350, and 400 °C, respectively, showing that
the grain size gradually becomes larger on increasing the
calcination temperatures. Because the bigger grains are not
conducive to improving the electrochemical performance, the
calcination temperature of 300 °C was selected.

Figure 2 shows the microstructure of the precursor and the
sample obtained at 300 °C. It can be seen from Fig. 2a that the
precursor with the particle size of 1-5 um is spherical and
relatively smooth. In contrast to the precursor, the particle size
of the sample calcined at 300 °C was remarkably reduced to
0.5-2 pm, and small pores were observed on the surface of the
particles. As observed from the cross-sectional views of the
calcined sample (Fig. 2c and d), the spherical particles were
aggregated from nano-sized grains (15-30 nm) with
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Fig.1 XRD patterns of the obtained samples at different temperatures.
(a) The precursor, (b) at 250 °C (c) 300 °C (d) 350 °C (e) 400 °C (f)
450 °C (g) 500 °C.
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Fig. 2 FE-SEM images of NiCo,0,4 obtained at 300 °C. (a) Precursor,
(b) calcined sample, (c) and (d) the cross-section at different
magnifications.

interconnected pores between these grains. This is because the
citrate and residual acetate decomposed to gas and then cause
the dense precursor spheres to vacate during the calcination
process. After reaching a certain temperature, the NiCo0,0,
nanocrystals began to form and a large amount of the nano-
crystals slowly grew and aggregated in the sphere to form
microspheres with a porous structure and, finally, a single-
phase NiCo,0, spherical powder with a micro-nano porous
structure was obtained.

Fig. 3 shows the TEM images and SAED pattern of the
NiCo,0, calcined at 300 °C. It can be clearly seen from the
images (Fig. 3a—c) that there are voids in the NiCo,0, micro-
spheres, indicating that the particles inside have lots of nano-
pores. These voids can store electrolytes and promote ion
exchange between the electrolyte and electrode material,
resulting in an improved electrochemical performance.”® The
SAED pattern (Fig. 3d) shows an obvious polycrystalline
diffraction aura, which indicates that NiCo,0, is poly-
crystalline. By indexing to the Fd3m space group of the spinel
NiCo,0, cube, the crystal surfaces were labeled as (311) (400)
and (440), respectively.

Fig.3 (a)-(c) TEM images of different magnifications and (d) the SAED
pattern of the calcined NiCo,04,.
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Fig. 4 shows the specific surface area and pore diameter
distributions of the NiCo,0, powder obtained at 300 °C. Fig. 4a
shows that the N, adsorption-curve of the sample is the IV type,
indicating the presence of micropores or mesopores. It can be
seen from Fig. 4b that the pore structure does exist in the
sample particles. The specific surface area of NiCo,0, powder is
42.17 m> ¢!, and the pore diameter is concentrated in
5-30 nm, with an average of 4.233 nm. The nano-sized pores are
conducive to increasing the specific surface area so that sites are
available for increased electron conduction in NiC0,0,.

Fig. 5 shows the XPS spectra of the surface of the calcined
NiCo0,0,. The survey spectrum (Fig. 5a) indicates the presence
of Ni, Co, and O, as well as C based on the reference and the
absence of other impurities. By using the Gaussian fitting
method, the Ni 2p emission spectrum (Fig. 5b) exhibits two
spin-orbit bimodal emission peaks, namely Ni** and Ni** and
two shake-up satellite peaks (“sat.”). The binding energies at
854.79 eV and 871.62 eV belong to Ni*", and the binding ener-
gies at 855.36 eV and 873.32 eV belong to Ni**.?” The Co 2p
spectrum (Fig. 5c) are well fitted with two spin-orbit doublet
peaks characteristic of Co** and Co*" and two shake-up satellite
peaks. The peaks with binding energies of 781.10 eV and
796.86 eV were derived from Co**, and those at 779.56 eV and
794.82 eV are ascribed to Co®".>® As shown in Fig. 5d, the O 1s
spectrum shows three oxygen-donating groups. O 1(529.54 eV)
is a typical metal-oxygen bond, O 2(531.8 eV) corresponds to
a defect site of low oxygen-coordination in small-sized particles,
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Fig. 4 N, adsorption and desorption isotherms of the samples ob-
tained at 300 °C. (a) Specific surface area (BET) (b) pore-size distri-
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Fig. 5 XPS spectra of (a) the calcined NiCo,0O,4 powder, (b) Ni 2p, (c)
Co 2p, (d) O 1s.
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and O 3(532.2 eV) may be a variety of physically and chemically
adsorbed waters on and within the surface.>® These results show
that the chemical composition of porous NiCo,0, microspheres
includes Co®", Co®*, Ni**, and Ni**, which is in good agreement
with the results in the literature for NiCo,0,.>*

Investigation of electrochemical performances

Fig. 6a shows the cyclic voltammetry (CV) curves of NiCo,0, at
a scan rate of 5-100 mV s~ '. Compared with electric double-
layer capacitance characterized by nearly rectangular CV,* the
shapes of the CV curves clearly confirm the pseudo-capacitive
behavior. Unlike the blank nickel foam, a pair of redox peaks
were observed within 0 to 0.5 V, indicating that the charge
storage was achieved by NiCo,0, loaded on the nickel foam
surface by faradaic redox reactions of Co®*/Co®*" and Ni**/Ni*",
The redox reaction is expressed as eqn (1).*>*

NiCo0,0,4 + OH™ + H,0 < NiOOH + 2CoOOH + 2¢~ (1)

As the scan rate increased, the area of the CV curve increased
and the position of the cathodic peak shifted from 0.22 to
0.15 V, indicating the low resistance of the electrode because of
the conductive Ni substrate. Fig. 6b shows the galvanostatic
charge and discharge curves of the sample in the 0-0.45 V range
at different current densities. Distinctly, the existence of
plateaus at around 0.25 V suggests an ideal pseudocapacitance,
which is in good agreement with the CV curves (Fig. 6a). The
specific capacitance was calculated according to eqn (2):

C, = IAIMAV )

where C; (F g~ ") refers to the specific capacitance, I (A) refers to
the discharge current, A¢ (s) refers to the discharge time, AV (V)
refers to the potential change during discharge and m (g) refers
to the mass of the active material. The specific capacitances at
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current densities of 1, 2, 4, 6, 8 and 10 A g~ ' are 432.67, 412.89,
387.56, 358.67, 337.78 and 317.78 F g™, respectively. As the
current density increases, the specific capacitance decreases.
When the current density was 10 A g™, the specific capacitance
was equivalent to 74% of the initial capacitance, indicating the
high specific capacitance and good rate characteristics of the
prepared micro-nano porous spherical NiCo,0, electrode.
Fig. 6¢ shows the electrochemical impedance spectra (EIS) of
the NiCo,0, and fitting plot of the equivalent circuit. As
observed, the equivalent circuit consists of R, Ret, Zw, Cq; and
CPEpc.** R, represents the mass transfer resistance and contact
resistance, which is reflected by the intercept of the curve and
the real axis in high-frequency regions.***¢ R refers to the
charge transfer resistance caused by the faradaic reactions,
which is reflected by the diameter of the semicircle in the
medium-to-high frequency region. Representing the ion diffu-
sion resistance inside the active material particles, the Warburg
impedance Zy is reflected by the oblique line in the low-
frequency region. Cy; refers to the electric double-layer capaci-
tance on the electrode materials®* and CPEp¢ represents the
constant phase element. In contrast with the results in the
literature,**?*” the obtained sample with an R value of 0.71 Q is
lower or similar, which is advantageous for the rapid transfer of
charge. Fig. 6d illustrates the cycle life curve and partial charge
and discharge curves of the NiCo,0, electrode. The specific
capacitance was 398.22 F g~ ' after 3000 cycles at a current
density of 4 A g™, and the capacitance retention rate was 100%,
indicating excellent stability. For the first 1000 cycles, the
specific capacity increased even more, caused by the activation
process of the electrode material. After a continuous charge-
discharge process, more contact sites were activated, and the
specific capacitance obviously increased. It can be seen from the
partial charge-discharge curve that the curve has good
symmetry and stability, indicating that the material structure of
the test process is relatively stable. The spherical NiCo,0,
powders have considerable micro-nano pores, which optimize
their contact with the electrolyte. As a result, the adsorption—-
desorption rates of ions were enhanced, the diffusion resistance
was reduced, the structural stability of the crystal was main-
tained better, the lattice distortion effect caused by the charge-
discharge process was eliminated, and the service life was
extended.”

Fig. 7a shows the CV curve of the positive and negative
materials at a sweep speed of 10 mV s~ '. By using the specific
electricity calculation formula, it was found that the mass ratio
of the positive and negative electrodes was about 0.8 : 1. Fig. 7b
shows the CV curves for different scan rates of NiCo,0,//AC,
where it can be seen that the potential window is significantly
expanded to 1.7 V and the shape of the curve is different from
that of the electric double-layer and pseudocapacitor. On
increasing the scanning rate, the response current increased
accordingly and the shape of the curve remained good, indi-
cating good dynamic performance. Fig. 7c shows the charge-
discharge curves at different current densities. The assembled
supercapacitor achieved the purpose of expanding the voltage
window and obtaining higher power and it was observed that
each curve exhibited good symmetry at a higher current density.

RSC Adv, 2020, 10, 9438-9443 | 9441
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There is no obvious voltage drop, which indicates that the
characteristics of the pseudocapacitance capacitor are still
dominant after it is assembled into an asymmetric super-
capacitor, which has ideal capacitive behavior, high coulombic
efficiency and excellent electrical conductivity. Fig. 7d is
a comparison of the specific capacities at different current
densities. The specific capacitances at the current densities of 1,
2,4, 6,8 and 10 A g~ were calculated by eqn (2) to be 37.06,
34.63 30.75, 27.37, 24, and 20.63 F gfl, respectively. In contrast
to the capacity at 1 A g~ %, the capacity retention rate at 10 A g~
is 55.7%, indicating that the assembled capacitors exhibit
better electrochemical performance. Subsequently, further
cyclic life tests are needed to observe the structural stability of
pseudocapacitive electrode materials.

Fig. 8a shows the calculation results of the power density and
energy density of the assembled supercapacitor according to
formulas (3) and (4).

E = CAV?2 (3)
P =Elt (4)

C, is the specific capacitance (F g~'), AV is the potential change
(V) during discharge, E is the energy density (W h kg™"), Pis the
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Fig. 8 Curves of (a) power-energy density and (b) cycle life at the
current density of 4 A g%,
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power density (W kg™ '), and ¢ is the discharge time (s). The
NiCo,0,//AC supercapacitor has an energy density of
13.18 W h kg™ ' at a power density of 0.8 kW kg™, which is
higher as compared to other studies, such as GO/CoAl-LDH
(6 W h kg! at 1.5 kW kg '),** GF/CNT/MnO,-GF/CNT/Ppy
(6.2 W h kg ' at 2.7 kW kg '),** Cu/CuO,@NiC0,0,//AG
(12.6 W h kg ' at 0.344 kW kg™ ").* The cycle life test that was
performed on the assembled NiCo,0,//AC capacitor is shown in
Fig. 8b. The capacity has a significant rise in the initial pre-cycle
due to sufficient activation between the electrode material and
the electrolyte. After 12 000 cycles at a current density of 4 Ag ™,
the capacitance retention was 100%, suggesting its excellent
cycling stability.

The above results indicate that the spherical porous NiCo,0,
electrode material with micro-nano structure is beneficial for
exhibiting the pseudocapacitor characteristics, diffusion and
transfer of charges and increase in the structural stability and
cycle life during the charge-discharge process.

Conclusions

The micro-nano structured porous NiCo,0, microspheres
prepared by spray drying exhibited superior electrochemical
properties. Electrochemical tests showed that their specific
capacitance was 430.67 and 317.78 F g-1 at current densities of 1
and 10 A g-1, respectively. The NiCo,0, electrode has a specific
capacitance of 398.22 F g~ ' after 3000 cycles at 4 A g~ current
density, and the capacity retention rate is 100%. Therefore, the
micro-nano structured porous spherical NiCo,0O, powder is
a promising candidate for a supercapacitor. On being assem-
bled into an asymmetric supercapacitor, device testing showed
specific capacitances of 37.06 F g~ ' and 20.63 F g " at current
densities of 1 and 10 A g ' and an energy density of
13.18 W h kg™ " at a power density of 800 W kg™ ". The spherical
porous NiCo,0, electrode material with a micro-nano structure
is beneficial for exhibiting pseudocapacitor characteristics, the
diffusion and transfer of charges and an increase in the struc-
tural stability and cycle life during the charge-discharge
process.
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