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ABSTRACT

NiCo,04 Nanoparticles have been synthesized by a facile hydrothermal method
followed by annealing at a temperature decided based on differential thermal
(DTA). Different additives and surfactants were used in preparation under the
same synthesis conditions and their effects on the physical properties of spinel
nickel cobaltite nanoparticles have been investigated in a fair comparison study.
The synthesis products have been characterized by using DTA and TGA mea-
surements, X-ray diffraction, scanning electron microscopy, transmission elec-
tron microscopy, and Fourier transform infrared spectroscopy. Modification on
the synthesis of the spinel nanoparticles provided high specific capacitance of
2253 Fg~'at 1 A g~! and long-term cyclic stability for 10,000 cycles with 90%
capacitance retention.
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their properties to match such applications in asym-
metric supercapacitors [2, 3], flexible fiber hybrid
supercapacitors [4], electrochemical glucose sensor
[5], and as a bifunctional electrocatalyst for water-

1 Introduction

Spinel nickel cobaltite, NiC0,0Oy4, has been extensively
studied in nanostructured form over the last three

decades due to its enhanced electronic conductivity
and much high electrochemical activity compared to
those of nickel and cobalt oxides that extended its
usage in supercapacitor applications [1]. A lot of
research has been devoted to the synthesis of nickel
cobaltite in different forms and the development of

splitting and oxygen reduction [6, 7]. NiCo,O4
belongs to the spinel structured compounds with the
general formula AB,O,, with A being a divalent
transition metal ion while B is a trivalent transition
metal such as AI’*, Fe’*, Cr**, or Co’" [8]. Among

these spinel ferrites, nickel cobaltite exhibits an
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inverse spinel structure, due to the large stabilization
energy with Ni in the B site, and shows a ferrimag-
netic transition well above room temperature [9]. The
cation redistribution and coexistence of di- and
trivalent Ni and Co in the magnetic p-type NiCo,O4
with tunable electrical, optical, and magnetic prop-
erties, make it a versatile candidate for spintronics
and energy storage applications.

In recent years, the demand for energy storage
devices with low cost, eco-friendly, stable, and long
life has grown in the industry and academic fields.
The supercapacitor has a wide scope in different
fields like transportation, wearable devices, elec-
tronics, and other fields for energy storage due to its
exclusive electrochemical features like fast charge—
discharge activity, high specific power, and long
cyclic stability [10, 11]. The supercapacitor stores
energy in various ways according to the storage
mechanism. The two types of supercapacitors
are electric double-layer capacitors (EDLC) and
pseudocapacitors (PCs) [11]. Energy stored in EDLC
is based on charge separation at the interface between
the electrode and the electrolyte. Carbon materials
like graphene, graphene oxide, carbon nanotubes,
and multiwall carbon tubes show EDLC storage
mechanisms. In pseudocapacitors, the energy is
stored according to the redox process in most metal
oxides, metal chalcogenide, and conducting poly-
mers, which shows the PCs’ mechanism to store
energy [12, 13].

NiCo,O4 exhibits promising pseudocapacitance
behavior due to the low resistance exhibited by
NiCo,0, than those of NiO and Co30, separately and
richer sites contribution from both cobaltite and
nickel oxides to high capacitance [14]. The redox
reaction in NiCo,0, is enhanced by multiple oxida-
tion states of nickel cobaltite thus storing more
charges. These outstanding characteristics disclose
the improvement of NiCo,O4 as a promising elec-
trode material for supercapacitors. The microstruc-
ture of the electrode material is strongly affecting the
electrochemical performance, which includes the
porosity and specific surface area [15, 16].

NiCo,0, has been synthesized with various struc-
tures, such as porous nanowires, mesoporous
nanosheets, hierarchical hollow nanocubes, hierar-
chical tetragonal microtubes, hollow spheres, and
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urchin-like microspheres, and they exhibit a distinct
difference in their electrochemical performance [8].
Therefore, changing the synthesis method has a
major effect on the final materials, and it is extremely
important to choose an appropriate synthesis route to
control the characteristics developed for different
applications. A lot of methods have been used to
synthesize nickel cobaltite nanoparticles with desir-
able features for the facile process commonly
including microwave [17], hydroxide decomposition
[18], sol-gel [19], electro-deposition [20], co-precipi-
tation [21], and combustion method [22]. Most of
these synthesis routes have control on some effects in
the resultant samples, like faces or surface area, size
of pores, crystallinity, structure, etc. [6]. One of the
methods that are proven with good merits and are
largely used is the hydrothermal method [23-25].

In this study, the hydrothermal method was used
to prepare spinel NiCo,O4 nanoparticles and the
effect of adding different surfactants on the structure
and physical properties of nickel cobaltite was stud-
ied by several techniques. Three-electrode cell system
was used to investigate the electrochemical perfor-
mances of the synthesized electrodes. NiCo0,O4
nanoparticles prepared by adding surfactants/addi-
tives demonstrate high electrochemical performance
for usage as a supercapacitor electrode material.

2 Experimental techniques
2.1 Synthesis

In a typical synthesis of NiCo,O4 nanoparticles, 2.6
mmol of NiCl,.6H,O and 5.2 mmol of CoCl,-6H,O
were mixed with 41.6 mmol of urea and dissolved in
35 ml distilled water to obtain a homogenous solution
using a magnetic stirrer. The solution was then
transferred to a 50-ml Teflon-lined stainless-steel
autoclave. The hydrothermal reaction took place at a
fixed temperature of 120 °C for 6.5 h, and then, the
sample was air-cooled down to room temperature.
The resultant precipitate was filtered out and washed
several times, first with distilled water and acetone to
obtain a controlled precursor. The filtered precursor
was then dried at ambient temperature.

The same steps were followed with one selected
additive from ammonium fluoride (AP),
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cetyltrimethylammonium bromide (CTAB), poly-
vinyl alcohol (PVA), polyvinyl pyrrolidone (PVP),
polyethylene glycol (PEG-4000), or triethanolamine
(TEA), added as a surfactant/additive to the fixed
atomic ratio of 1:2:12 for Ni/Co/Urea to form the
mixture solution. The surfactant ratios were esti-
mated based on the molecular weight as detailed in
the supplementary material. The synthesized pre-
cursor samples are labeled in Table 1. Precise weights
and details of the synthesis are described in section
51 of the supplementary file.

The hydrothermal reaction does not directly give
the spinel oxide phase in one step and the precursors
are almost hydroxide-based phases. The thermal
analysis was performed on the control precursor
sample after drying at ambient temperature to
investigate the optimum annealing temperature for
the formation of the NiCo,O4 phase. Based on the
thermal analysis described below, all precursors have
been annealed at 350 °C for 5 h to provide a ther-
mally stable NiCo,0, spinel nanoparticles.

2.2 Characterization methods

To investigate the decomposition processes of the
prepared precursors, differential thermal analysis
(DTA) and thermogravimetric analysis (TGA) were
carried out using SHIMADZU simultaneous DTA-TG
apparatus with DTG-60H detector with standard
error £1°; the powder samples were placed in an
aluminum cell under nitrogen followed by heating at
a rate of 10°/min.

X-ray powder diffraction has been collected using
Philips X-ray diffractometer model PW 1710 with
CuK,, radiation (. = 1.5405 A) with an operating
applied voltage of 40 kV and current of 30 mA. The
scanning rate was maintained at 0.06° per minute, in
the 20 range of (4°-80°). FTIR spectroscopy has been
performed on the samples using NICOLET FTIR 6700
spectrometer by employing the KBr pellet method, in
the wavenumber range 400-4000 cm™'. Scanning
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morphology of the powder samples. Elemental
analysis was determined using ESEM FEI QUANTA
250FEG (FEI, Hillsboro, OR, USA) with an Oxford
EDX (energy dispersive X-ray spectrometer) instru-
ment (Oxford Instruments, Tubney Woods, UK). For
further investigation, transmission electron micro-
scope (TEM) images are observed by JEOL (JEM-2100
Electron Microscope, USA).

The Brunauer-Emmett-Teller (BET) method was
used to determine the specific surface area. Prior to
the measurement, the sample was degassed at 250 °C
for 2 h under vacuum. Then, the adsorption-des-
orption isotherms of the samples were measured
using N, at — 196 °C with a Quantachrome surface
area/pore size analyzer NOVA 3200e.

Electrochemical testing was measured by a CHI
760E potentiostat in a 6.0 M KOH electrolyte using a
three-electrode system. The working electrodes were
prepared by dissolving the NiCo,O, nanoparticles,
carbon black, and polyvinylidene fluoride (PVDEF)
binder (ratio 80:10:10) in N-Methyl-2-pyrrolidone
(NMP) to form a paste. Then, the paste was pressed
into an NF current collector and dried at 120 °C
overnight. Pt plate of 1 x 1 cm® was used as a
counter electrode, and Ag/AgCl electrode was
employed as a reference electrode. Cyclic voltam-
metry (CV) was performed between 0 and 0.6 V at
scan rates of 2, 5, 10, 20, 50, and 100 mV s~ '. Gal-
vanostatic charging/discharging (GCD) was mea-
sured between 0 and 0.4 V at current densities of 1, 2,
5, 10, 15, 20 A g '. The specific capacitance was
estimated from the CV curves as follows [26]:

IdV
| 1)
smAV
where [ represents the current, s denotes the scan
rate, AV expresses the potential window, and m is the
active material mass.

The specific capacitance was estimated from the
GCD curves as follows [11, 13]:

iAt

electron microscopy (SEM) apparatus, (JSM)-T200 Cn = AVm (2)
Jeol-Japan, was used to investigate the surface

Table 1 Summary of the sample’s codes throughout the manuscript

Additive/surfactant None PVA PVP AF CTAB TEA PEG-4000
Label NC-Control NC-PVA NC-PVP NC-AF NC-CTAB NC-TEA NC-PEG
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where i denotes the discharging current, At repre-
sents the discharging time, AV expresses the potential
range, and m represents the loading mass of the
active material on NF.

The electrochemical impedance spectroscopy (EIS)
was measured in the frequency range from 10
mHz to 100 kHz at open circuit potential with an
amplitude of 10 mV.

3 Results and discussion
3.1 Thermal analysis

DTA and TGA curves of the control NiCo,0O, sam-
ple precursor are presented in Fig. 1. The TGA curve
shows a slightly steep weight loss corresponding to
the lattice water removal within the temperature
range (60 °C-280 °C). A drop around 280 °C is
observed with weight loss that starts to fade around
318 °C. This drastic weight loss is attributed to the
decomposition of the binary hydroxide. The corre-
sponding DTA curve shows two thermal reactions:
one exothermic peak centered at 234 °C and an
endothermic peak centered at 304 °C. The DTA curve
describes the thermal treatment of the sample and
makes initiative information on the start temperature
of decomposition. Similar results are reported by
Yang et al. [27]. The control sample prepared under
these conditions is not thermally stable below 320 °C
and it does not show any thermal activity at and
above 350 °C as depicted from the DTA curve. Hence,

DTA (uV)
TGA (%)

1 1 1 1 1 1 1 1 72
80 120 160 200 240 280 320 360 400

Temperature (°C)

Fig. 1 DTA/TGA curves of the NiCo,O4 (control) precursor
sample
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the data suggest an appropriate annealing tempera-
ture for the control precursor samples at 350 °C to
provide a thermally stable NiCo,O, spinel based on
the thermal analysis report.

The TGA curves for precursor samples prepared
with different surfactants are displayed in Fig. 2i and
ii. The figures show a slight shift with using different
surfactants, the common weight loss corresponding
the decomposition occur at a temperature range
between 280 and 320 °C. The as-prepared samples
with NC-PVA, NC-PVP, and NC-AF surfactants
show weight loss characteristics like the control pre-
cursor sample with sharp decomposition loss starts at
about 280 °C, with slight shift to higher temperature.
Precursors with other surfactants show the main
weight loss as shown in Fig. 2ii, with a steep over
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= —— NC-TEA
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NC-PEG
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Tempurature (°C)

Fig. 2 Thermal analysis curves of the prepared NiCo,O, With
samples i—DTA, ii—TGA
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wider range of temperature. For example, the NC-AF
precursor sample shows TGA curve with almost no
weight loss up to ~ 300 °C followed by a decom-
position loss occurring at higher temperature.

The DTA curves of the precursor samples prepared
with a surfactant are depicted in Fig. 2i. Thermal
behavior different from that of the controlled pre-
cursor is observed with some different characteristics
among samples prepared with different surfactants/
additives. These changes in thermal behavior may be
due to the complexes formed during the hydrother-
mal reaction with organic ligands attached to the
structure. To establish a fair comparison, the thermal
results are shown separately in two graphs. Figure 2
shows that both NC-PVP and NC-CTAB develop the
same endo- and exothermic peaks observed in the
control precursor and almost at the same positions
which means that the surfactants PVP and CTAB do
not develop new organic ligands that affects the
thermal stability of the resultant powder. The NC-
PVA sample does not show a diminished exothermic
peak instead of the pronounced peak for the control
sample. However, it shows the endothermic peak
around 318 °C. The other precursor samples prepared
with surfactant exhibit distinct DTA curves. From a
glance to Fig. 2, it appears that the surfactants/ad-
ditives used in these samples develop additional
organic ligands or different complexes during the
hydrothermal reaction. The DTA curve of the NC-AF
precursor shows different thermal events in the
temperature range 50-250 °C which can be attributed
to a relaxation of the fluoride-hydroxide complex.
The big exothermic peak shown around 270 °C can
be attributed to the decomposition and formation of
the oxide phase. Zhan et al. [28] described similar
effects of ammonium fluoride in the synthesis of NiO
nanoparticles. NC-TEA precursor sample shows one
sharp exothermic peak around 270 °C. The sharp
exothermic peak and the good thermal stability
observed in TGA curve of NC-TEA sample indicate
the formation of weaker organic ligands around the
binary hydroxide which required small energy to
decompose [27]. The NC-PEG sample is developed
by using polyethylene glycol PEG-4000. This sample
exhibits two exothermic peaks. The variations in the
DTA and TGA curves of NC-PEG may be related to
the molecular weight of PEG and the chain length
[29].

Based on the results of thermal analysis, the pre-
pared precursor samples contain different ligand
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complexes after the hydrothermal reaction without
and with different surfactant. An appropriate
annealing temperature at 350 °C can be selected to
decompose the precursor into stable oxide spinel
phase. Although the extended TGA analysis up to
800 °C (Fig. 2ii) showed that all samples do not
exhibit major weight loss after 450 °C, yet most of the
samples are stable below this temperature. The sug-
gested annealing temperature is nominated as the
lowest  possible  temperature to  produce
stable nanoparticles for all the samples with mini-
mum particle size and thermal stablility, as the sug-
gested temperature exceeds the onset of the major
weight loss for all samples.

3.2 Structural analysis

Powder x-ray diffraction (PXRD) was employed to
identify the phases developed in the annealed
NiCo,04 samples. As deduced from the thermal
analysis, the spinel NiCo,O, oxide phase can be
obtained after thermal treatment of the powder above
300 °C. The annealing duration was fixed at 5 hours
to provide sufficient degree of crystallization and
ensure the elimination of any residuals that may
result from the different additives/surfactants used
in the synthesis process as explained in the thermal
analysis section. The PXRD spectra were analyzed
and refined to determine the effect of additives/sur-
factants on the structural and microstructural
parameters.

The Rietveld refinement of the PXRD pattern has
been performed using FULLPROF software [30]. The
refinement of the control NiCo,O, nanoparticles is
presented in Fig. 3. The structure is refined to the
cubic spinel Fd-3m structure with structural details
reference from the ICDD PDF file 04-021-8094. The
refinement confirmed the formation of spinel cubic
structure of NiCo,O, in good agreement with refer-
ences [31-34]. No other additional peaks of diffrac-
tion or other phases are observed, indicating that
high purity NiCo,O,4 nanoparticles are obtained after
a simple annealing process.

As presented in Fig. 3, the calculated pattern mat-
ches well the observed powder diffraction pattern.
The refined lattice constant and the related PXRD
parameters are tabulated in Table 2. The unit cell
parameters calculated from the diffraction pattern is
visualized using VESTA software [35] and presented
in the inset of Fig. 3. The calculated value of the
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Fig. 3 Rietveld refinement of the XRD pattern of NiCo,04
nanoparticles (control sample) annealed at 350 °C. The refined
unit cell deduced from powder diffraction pattern is presented
(red: Co, green: Ni, gray: oxygen)

lattice constant, 8.131 A, is slightly lower than the
reported values in the PDF card, while the occupancy
of the atoms is altered with respect to minimum
thermal parameters in the unit cell.

The annealed samples from precursors with sur-
factant (hereafter, denoted as modified samples) were
thermally treated and measured under identical
conditions as those for the control sample. The PXRD
pattern of the whole system is presented in Fig. 4.
From the first glimpse, the samples appear to develop
a well-defined peaks of spinel cubic phase and show
the same crystallographic reflections. Figure 4 infers
that the modification by a surfactant or an additive
does not affect the cubic spinel structure after the
same thermal treatment. The PXRD patterns of the
control and modified samples show small differences
in intensity and some apparent shift in the peak

Table 2 Structure parameters obtained by Rietveld refinement of
the PXRD patterns for the NiCo,0O, spinel nanoparticles

Sample a (A) Volume (A>) D (nm) ¢ x 107°
NC-Control 8.1311 537.563 11.983 — 11.17
NC-PVA 8.1031 532.048 13.739 2.461
NC-PVP 8.1279 536.960 13.254 16.86
NC-AF 8.1174 534.868 14.116 7.613
NC-CTAB 8.0936 530.179 16.520 15.96
NC-TEA 8.0950 530.454 15.609 16.77
NC-PEG 8.1202 535.418 14.546 1.701
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Fig. 4 XRD spectra of the annealed NiCo,O, nanoparticles
treated with different additives/surfactants

positions which can be attributed to a slight change in
the unit cell volume and development of different
lattice strain. The small variations in the peaks’
width, shape, and shift were predicted from the
thermal analysis and after applying unified thermal
treatment overall the samples despite their different
thermal behavior. But the thermal annealing duration
was proved to be sufficient for the development of
the spinel nanoparticles at this temperature without
any noticeable traces or residuals recorded in the
PXRD patterns.

The calculated values of the lattice constant based
on PXRD data analysis are tabulated in Table 2. The
NC-control sample exhibits the largest unit cell vol-
ume when compared with the other samples. NC-
CTAB and NC-TEA show the minimum value of the
unit cell volume.

The microstructure of the PXRD is analyzed using
Williamson-Hall (W-H) model to calculate the
average particle size and the unit cell strain from the
broadening of the PXRD peaks [36]. The broadening
of the PXRD peaks of the different samples consists of
the instrumental broadening and the particle size
broadening, that can be described by the equation:

2 2 2
ﬁsize + ﬁinslrumemal = ﬁmeasured (3)

where f is the FWHM of the PXRD peaks. To use the
W-H model, the instrumental broadening must be
excluded from the measured broadening. The aver-
age instrumental broadening was estimated from the
standard Si diffraction pattern measured using the
same setting and apparatus.

The average crystallite size D and lattice strain ¢ are
estimated using the W-H model according to the
equation:
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K
Pricost = BA + 4esin0 4)

where K is constant set to 0.9 and A is the wavelength
of the X-ray used (0.15406 nm, Cu target). D and ¢ are
obtained by linear fitting of a plot between fcost
versus sinf for all reflections as detailed in the sup-
plementary material. The calculated values of the
particle size and lattice strain are presented in
Table 2.

The average crystallite size varies between 12 and
16 nm for the prepared samples with the minimum
value for NC-control. The smallest value of the
crystallite size for the NC-control sample corre-
sponds the maximum unit cell volume. The lattice
strain in nanoparticles resembles the contraction or
expansion of the unit cell due to the size confinement.
The estimated negative value of lattice strain in this
sample may be ascribed to an anisotropy component
of the strain which affects the overall strain of the
unit cell. Another explanation may be due to the
chemical pressure in unit cell which may arise from
cations redistribution between the tetrahedral and
octahedral sites [37].

Another typical behavior is observed for the NC-
CTAB and NC-TEA samples which have the maxi-
mum particle size and minimum unit cell volume.
Among the prepared samples, NC-PVA, NC-AF, and
NC-PEG exhibit low values of lattice strain, such
values are independent on their particle size and unit
cell volume values. The lattice strain values can be
related to the measure of the defects, as size con-
finement produces defects in the unit cell and in
turns that produces a strain.

3.3 FTIR spectroscopy

The FTIR spectra for NiCo,O; nanoparticles are
recorded in the wavenumber range 4000400 cm™ .
Normally, the characteristic vibrational bands of the
spinel oxides develop at the lower values of
wavenumber. Figure 5 shows the FTIR spectra with
the characteristic vibration bands in the range
between 800 and 500 cm'. The first indication from
the spectra is the confirmation of the spinel structure
for the prepared samples.

The relative positions of the observed vibrational
bands for the prepared samples are presented in
Table 3. The two characteristic bands are assigned to
the stretching vibration v, of B-O bond mainly
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Fig. 5 FTIR spectra for the synthesized NiCo,0, nanoparticles

located at the octahedral sites and the stretching
vibration v; of A-O bond at the tetrahedral sites. The
positions of the vibrational bands for the prepared
samples are approximate to the positions observed
for spinel cobalt chromites [38] and cobalt oxide
Co0304 [39]. While the bands for the NC-Control, NC-
PVP, and NC-AF samples seem to be broadened than
the rest of the samples. All the samples with surfac-
tant demonstrate a slight shift in position. These
variations in the FTIR curves can be attributed to the
surface defects resulted from using different surfac-
tants/additives.

The force constant of the cations in the tetrahedral
and octahedral sites Ky and Ko, respectively, can be
calculated from the following relation [40]:

Krjo = 4n*C*0%p (5)

where C is the speed of light in cm s™!, u is the
reduced mass of Co™ and O2 (~ 2.09 x 1072 g),
and v is the vibrational frequency. The calculated
force constants are listed in Table 3. The estimated
force constant from FTIR spectra varies by the sites of
(Co™®-07?) ions due to the different ionic radii of
Co-O distances on octahedral and tetrahedral sites.
As the force constant is proportional to the square of
vibration frequency. It is clearly observed that the
force constant values in tetrahedral sites are less than
those at octahedral sites. Both values are slightly
higher in samples with surfactant with slightly
diminished lattice volume.

@ Springer
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Table 3 FTIR parameters for

the prepared NiCo,0, Sample v (em™h vy (cm™ ) Kt x 10° (dyne cm™1) Ko x 10° (dyne em™")
nanoparticles NC-Control 550 644 2.2463 3.0798

NC-PVA 553 647 2.2709 3.1085

NC-PVP 558 648 2.3122 3.1182

NC-AF 560 652 2.3288 3.1568

NC-CTAB 559 651 2.3204 3.1471

NC-TEA 557 652 2.3039 3.1568

NC-PEG 559 653 2.3204 3.1665

3.4 Morphology and microstructure

The morphology of the prepared samples was
investigated by the electron scanning microscope
(SEM) and the micrographs for the prepared samples
are presented in Fig. 6. The micrographs report the
direct effect of different surfactants/additives on the
surface morphology of the particles. All the micro-
graphs for different samples are presented at the
same magnification ratio for the sake of fair com-
parison (Fig. 6). Different magnifications which
demonstrate an overall view of the samples are
illustrated in Fig. 52.

The main observation from the micrographs is that
the particles form to some extent uniform shaped
particles aggregate. Typically, the control sample
shows what we may call semi-sphere morphology
which consists of round edges and porous structure.
Similar morphology is noticed for NC-PVA and NC-
CTAB samples with variations in the radial size and
uniformity. The NC-PVP sample develops well-de-
fined microspheres with porous surface. NC-PEG
sample shows traces of microsphere but with more
agglomeration, nanoparticles which are shown clearly
in the micrograph forming a wide porous background.

The samples with unique morphologies are NC-AF
and NC-TEA. The sample NC-AF showed an
agglomeration of nanoneedles with random orienta-
tions and different diameters, but they are clearly
defined in the micrograph. NC-TEA sample showed
an interesting morphology as the particles appear to
be a continuous surface with small porosity when
compared to the rest of the samples. For larger
magnification of the sample (Fig. S2), the particles
form well-defined geometrical shapes with sharp
edges like cubes or in general regular polyhedron.
The presented micrographs highlight the effect of
different surfactants/additives as the resulted mor-
phologies depend on the type of the additive and the
concentrations. As the study conducted a comparison
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between different types of additives with low con-
centrations, the effect can be purely justified by the
composition of the additive itself. Thus, the apparent
variations between the samples could be due to the
variety of the additives employed in the study, except
for PVP and PVA which converge to similar but not
identical morphology.

3.5 Elemental and microstructure analysis

The particle size distribution of the NC-control and
NC-PVP samples was investigated using HR-TEM,
and the micrographs are presented in Fig. 7. The
images presented at the same magnification ratio to
provide a fair argument on the effect of PVP on the
nanoparticle size. The histogram of the control sam-
ple presented in Fig. 7i shows that the average par-
ticle size of the control sample is around 16 nm
corresponding to the center of the normalized curve.
In addition, the particles show low tendency for
stacking, but the particles are well defined but with
soft edges. NC-PVP sample gives bigger average
particle size ~ 21 nm as extracted from the his-
togram shown in Fig. 7ii. The PVP addition increased
the average particle size, and the normalization curve
peak is shifted toward higher average particle size.
The crystallinity on the other hand is improved and
agglomeration of particles are frequent and indicated
as dense areas with geometrical sharp edges. The
TEM micrographs of NC-control and NC-PVP sam-
ples suggest that at the same preparation conditions,
the addition of PVP to the reaction precursor
enhanced the growth rate of NiCo,O, nanoparticles
and affected the geometrical shape of these particles.

The surface mapping of the NC-control and NC-
PVP samples is presented in Fig. 8. The mapping of
elements over different areas of the sample can give
qualitative results on the concentration of each ele-
ment but upon a certain depth depending on the
apparatus and the accelerating voltage and other
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<«Fig. 6 SEM micrographs for the prepared samples at analogous
magnification. i—Represents the magnification over the control
sample, from ii- to vii- for NC-PVA, NC-PVP, NC-AF, NC-
CTAB, NC-TEA, and NC-PEG, respectively

parameters concerning the sample preparation. Yet it
can provide important information on the elemental
concentration and their distribution over the sample
surface. Figure 8i shows the mapping of Ni, Co, and
O over a large portion of the control sample. The
mapping micrographs show a homogenous distri-
bution of the elements with higher concentration for
Co and O when compared with Ni which consents
with the chemical formula of NiCo,0,, there are no
noticeable area where atoms can be seen exclusively.

0

)

Counts (a.u.)
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Same observation is found for the NC-PVP sample in
shown Fig. 8ii. The EDX spectra are presented in
Fig. 8. The EDX spectra presented in Fig. 8 are
indexed to the corresponding energy for the main
elements under consideration (Co, Ni, and O) for
different excitation levels K and L, while the addi-
tional peaks in the spectra can be attributed to the
sample holder material, adhesives used to stick the
powder on the holder and carbon traces from the
coating of the sample. The calculated elemental con-
centrations are tabulated in Table 4. The results do
not represent the actual concentrations of elements
overall the samples but at the surface of the samples,
which is the interest for electrochemical application.
The main observation from the mapping analysis is
that the PVP sample demonstrates an increase in the
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Fig. 7 HR-TEM micrographs and the calculated average particle size histograms for NiCo,0,4 nanoparticles for: i—NC-Control and ii—

NC-PVP

@ Springer



] Mater Sci: Mater Electron (2023) 34:584

v ,

e P Ni K|

100 um

Fig. 8 SEM mapping and EDX spectra for NiCo,04 nanoparticles
demonstrating the distribution of different elements over large area
of the sample for i—NC-control, and ii—NC-PVP, respectively.

surface cations when compared with the control
sample.

3.6 Surface area

The BET surface analysis of the adsorption—desorp-
tion isotherms is performed for all NiCo,0O4 samples.

100 um
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The K, lines are indexed only for O, Co, and Ni. The peaks

attributed to the substrate and Kg, and L, are not indexed for
simplicity

The isotherm N, adsorption—desorption curves are
presented in Fig. 9 and the hysteresis curves develop
approximate behavior H3 isotherm [41, 42]. The
behavior of the samples develops a closed hysteresis
with enclosed area at P/P, > 0.7 without any ten-
dency to saturation, the adsorption-desorption
curves merge together at low P/P, values except for
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Table 4 EDX analysis for NiCo,0,4 nanoparticles

Element =~ NC-Control NC-PVP
Weight %  Atomic %  Weight %  Atomic %
(0] 20.34 48.44 18.04 44.67
Ni 56.88 14.78 22.44 15.18
Co 22.78 36.77 59.52 40.15

NC-PVA sample (this splitting may be attributed to
unsuitable measurement conditions like degassing
temperature of the sample, without any physical
significance). Hysteresis loops observed in the inter-
val of 0.6—1.0 P/P, fairly agreed with those of Hao
et al., [43]. This behavior confirms the mesoporous
nature of the samples with developing large slit-
shaped pores.

Typical calculations and BET-specific surface area
are described in Sect. 52.3. The calculated values of
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the specific surface area are gathered in Table 5. NC-
AF sample develops the highest BET-specific surface
area of 19.38 m* g™, while the NC-CTAB sample has
the smallest BET surface area of only 9.36 m> g~ '. It is
well understood that electrode materials with a huge
surface area will supply more electrochemical active
sites for fast redox reactions throughout the high-rate
charge/discharge [44].

3.7 Electrochemical analysis

Electrochemical properties of NiCo,O,4 samples were
described by CV and galvanostatic charge—discharge
test in 6.0 M KOH aqueous solution. Figure 10 pre-
sents the CV curves corresponding to all the NiCo,O4
samples at different scan rates. A pair of redox peaks
appears in each voltammogram, suggesting that the
measured capacitance is mainly based on the faradic
mechanism. The possible redox reactions are based
on the following equations [45]:
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S 9 o
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Fig. 9 Nitrogen adsorption—desorption isotherms curves of the NiCo,0O,4 nanoparticles (control) and with adding some surfactants
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Table 5 BET-specific surface area for the different surfactant/
additive modified NiCo,0, nanoparticles

Sample Specific surface area (m” g~ ')
NC-control 16.12
NC-PVA 15.64
NC-PVP 16.90
NC-AF 19.38
NC-CTAB 9.36
NC-TEA 15.37
NC-PEG 9.92

NiCo0,04 + OH™ + H,O < NiOOH + 2CoOOH + 2e~
CoOOH + OH™ < CoO, + H,O + 2e~

(6)

The specific capacitances measured from CV
curves at different scan rates are shown in Figure 10.
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At scan rate of 2 mV s, the specific capacitance was
458 F g_] for NiCo,0, (control), 212 F g_1 for NC-
PVA, 1180 F g~' for NC-PVP, 496 F g~' for NC-AF,
443 F g~' for NC-CTAB, 261 F g~ for NC-TEA, and
306 F g~ for NC-PEG. NC-PVP sample shows higher
capacitance and an excellent rate capability than
other synthesized NiCo,O, samples. The high per-
formance of NC-PVP sample is attributed to the facile
electron conduction along with the urchin-like
microspheres with porous surface structures which
enhance the pseudocapacitance behavior as well as
electric double-layer capacitance (EDLC).

To further evaluate the charge-storage capacity of
the prepared electrodes, GCD measurements were
performed. Figure 11 shows the GCD curves corre-
sponding to all NiCo,O4 samples with different cur-
rent densities ranging from 1.0 to 20.0 A g~ '. From
the discharge curves presented in Fig. 11, it can be
seen that the fast potential drop was controlled by an
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Fig. 10 CV curves of NiCo,04 (control), NC-PVA, NC-PVP, NC-AF, NC-CTAB, NC-TEA, and NC-PEG nanoparticle electrodes at
different scan rates of 2, 5, 10, 20, 50, 100 mV s™', and the calculated specific capacitance from the CV curves
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electric double-layer capacitance. However, the slow
potential decay was mainly due to the redox reac-
tions due to the transition of Ni**/Ni*" and Co’*/
Co*". The specific capacitance values of all NiC0,O4
samples are calculated from GCD curves and plotted
in Figure 11. It is clear that NC-PVP sample demon-
strates the highest specific capacitance among other
samples, which confirms the CV curves results. The
specific capacitance of the NC-PVP electrode was
2253 Fg~' at 1 A g~'. The performance of the NC-
PVP sample is superior to that of NiC0,O4/meso-
porous nanofibers of specific capacitance 1631 F g~
at a current density of 1 A g{1 [46], NiC0,04/GQDs
of specific capacitance 481.4 F g~ ' at 0.35 A g~ ' [47],
MnO,/NiCo0,04/Ni Foam of specific capacitance
148524 F g ' at 2 A g~ ' [48], and the 3D graphene/
NiCo,04 film of high specific capacitance of
70836 Fg'at 1 Ag ' [49]. A comparison with
previously reported NiCo,O4 nanomaterials is also
given in Table 6, which further confirms the excellent

] Mater Sci: Mater Electron (2023) 34:584

performance of the NC-PVP sample. The NC-PVP
electrode has a better discharge capacity than any
other samples during the charge-discharge process.
The result is in good agreement with the observation
from CV curves. This should be associated with the
synergistic effect of the advantageous structure and
large specific surface area. The urchin-like micro-
spheres structure is particularly beneficial for the
diffusion of the electrolyte into the inner region of the
electrode and the mass transport of the electrolyte
within the electrode for fast redox reaction, resulting
in the reduced diffusion resistance, high utilization
percent of electroactive materials, and enhanced dif-
fusion kinetics. The large surface area and meso-
porous structure can help the ions easily transport
between 3D materials. In addition, the mesoporous
structures in nanowires can greatly increase the
electrode/electrolyte contact area, and thus further
enhance the electrochemical performance of the
electrode.
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Fig. 11 GCD curves of NiCo,0,4 (control), NC-PVA, NC-PVP, NC-AF, NC-CTAB, NC-TEA, and NC-PEG nanoparticle electrodes at
different current densities of 1, 2, 5, 10, 15, 20 A g™, and the calculated specific capacitance from the GCD curves
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Table 6 Specific capacitance of NiCo,0, samples obtained in this study, compared with some previously reported results

Material Specific capacitance Electrolyte Retention Reference

NC-PVP 2253 Fglatl Ag™! 6.0 M KOH 100% after 3200 cycles, This work
90% after 10,000 cycles

NiCo,04/mesoporous nanofibers 1631 Fg'atl Ag! 6.0 M KOH 94.5% after 5000 cycles [46]

NiCo0,04/GQDs 4814 F g7 at 0.35A g™ 0.1 M KOH 65.88% after 300 cycles [47]

MnQO,/NiCo0,04/Ni Foam 1485.24 F g_1 at2 A g_l 1.0 M Na,SO4 87.5% after 3000 cycles [48]

3D graphene/NiCo,0,4 film 70836 F g~ at 1 A ssg™ 1.0 M KOH 94.3% after 6000 [49]

It is worth noting that the decrease of the specific
capacitance was reduced during increasing either the
scan rate or current density. The high SC observed at
the low scan rate (low current density) may be due to
the high accessibility of the electrolyte ions to the
electrode surface during the faradaic process. Mean-
while, the low accessibility of the electrolyte ions to
the electrode surface leads to a slow faradaic reaction
at the high scan rate (high current density).

The electrochemical activity is further confirmed
by electrochemical impedance spectroscopy (EIS)
measurement as shown in Fig. 12i, ii. EIS was eval-
uated in the frequency range from 10 mHz to
100 kHz at open circuit potential with an amplitude
of 10 mV. Z" and Z" represent the real and imaginary
parts of the impedance, respectively. As can be seen,
the Nyquist plot of each sample displays a linear part
in the low-frequency region and a semicircle in the
high-frequency region. The intersection of the plots at
the X-axis represents the equivalent series resistance
(ESR). Usually, this resistance is the combination of
ionic resistance of the electrolyte, intrinsic resistance
of the active material, and contact resistance between
the active material and the current collector. In the
high-frequency region, the diameter of the semicircle
presents the charge transfer resistance (R.) in the
electrochemical system, which is associated with the
diffusion of charge [43, 45]. As indicated in Fig. 12ii,
ESR for the NC-PVP electrode has the lowest value
compared with other electrode materials. This
behavior is ascribed to the better interface between
the electrode and the electrolyte due to the urchin-
like microspheres structure. Also, the diameter of the
semicircle decreases for the NC-PVP electrode and
increases for the other electrodes. This phenomenon
is attributed to the different specific surface areas and
dispersibility of the urchin-like microspheres struc-
ture. Among these electrodes, the NC-PVP electrode

has the smallest ESR and R, implying the easy and
fast penetration of the electrolyte ions into the inner
layer of the urchin-like microspheres with porous
surface NiCo,O, structure.

The cycling stability of the NC-PVP sample was
evaluated by repeating the GCD test between 0 and
0.4 V at a high current density of 10 A g™ for 10,000
cycles. Figure 12iii shows that the NC-PVP electrode
keeps 100% of its initial capacitance for 3200 cycles,
then gradually decreases to 90% of its original
capacitance up to 10,000 cycles. Also, the charging/
discharging time was almost the same before and
after the cycling test which leads to ideal coulombic
efficiency. The long-term stability of the NC-PVP
electrode material confirms the good electrochemical
performance of the urchin-like microspheres with
porous surface NiCo,O; structure.

4 Summary and Conclusion

NiCo,0O, nanoparticles were synthesized by the
hydrothermal method. The effect of low concentra-
tion additives/surfactants on the physical properties
of the nanoparticles is investigated for identical syn-
thesis conditions. Thermal analysis indicated
decomposition of precursors into pure oxides with
the removal of any apparent residuals after annealing
at a temperature ~ 350 °C for all the samples. The
XRD patterns revealed that the structure of the
annealed samples is single-phase Fd-3m spinel with
an average crystallite size within the nanoscale
(12-16 nm). The selected surfactants did not affect the
lattice parameters significantly and resulted in
increasing the average particle size when compared
to the control sample. Further, the FTIR results con-
firmed the formation of the spinel cobaltite. NiCo,O4
nanoparticles with PVP surfactant showed urchin-
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Fig. 12 i—Nyquist plots, ii—the enlarged Nyquist plots for different electrodes, and iii—cycling stability of the NC-PVP electrode at

current density of 10 A g™

like microspheres porous structure. This structure
had a high electrochemical performance for super-
capacitor electrode of 2253 Fg™' specific capacitance at
1 A g and long-term cyclic stability for 10,000 cycles
with 90% capacitance retention, which makes it a
promising electrode material for high-performance
supercapacitors.
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