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Abstract: A series of NiO/C nanocomposites with NiO concentrations ranging from 10 to 90 wt%
was synthesized using a simple and efficient two-step method based on non-isothermal decompo-
sition of Nickel(Il) bis(acetylacetonate). X-ray diffraction (XRD) measurements of these NiO/C
nanocomposites demonstrate the presence of $-NiO. NiO/C nanocomposites are composed of
spherical particles distributed over the carbon support surface. The average diameter of nickel oxide
spheres increases with the NiO content and are estimated as 36, 50 and 205 nm for nanocomposites
with 10, 50 and 80 wt% NiO concentrations, respectively. In turn, each NiO sphere contains several
nickel oxide nanoparticles, whose average sizes are 7-8 nm. According to the tests performed using
a three-electrode cell, specific capacitance (SC) of NiO/C nanocomposites increases from 200 to 400
F/g as the NiO content achieves a maximum of 60 wt% concentration, after which the SC decreases.
The study of the NiO/C composite showing the highest SC in three- and two-electrode cells reveals
that its SC remains almost unchanged while increasing the current density, and the sample demon-
strates excellent cycling stability properties. Finally, NiO/C (60% NiO) composites are shown to be
promising materials for charging quartz clocks with a power rating of 1.5 V (30 min).

Keywords: supercapacitor; nickel oxide; NiO/C nanocomposite; non-isothermal decomposition

1. Introduction

Asymmetric supercapacitors (5Cs) are increasingly attracting attention as promising
energy storage devices due to the constantly growing energy and ecological problems that
are associated with fossil fuel depletion and global warming [1]. SCs contain transition
metal oxides that are able to accumulate large charges through Faraday processes on the
electrode surface. Among these oxides, NiO is of great interest [2,3] due to the high esti-
mated capacitance (2584 F/g [4]), good corrosion resistance in alkaline solutions, and en-
vironmental safety.

Meanwhile, nickel oxide is known as a broadband p-type semiconductor (3.6-4.0 eV
[5]) with a low electron conductivity (0.01-0.32 S/m [6]), which impedes its use in super-
capacitor electrodes. This problem can be solved by reinforcing NiO’s conductivity with
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conducting carbon nanomaterials, such as ultradispersed soot, carbon nanotubes, or gra-
phene, that possess highly developed surface, chemical inertness and high electron con-
ductivity [7,8]. In comparison with pure nickel oxides, NiO/carbon composite structures
ensure faster transfer of electron and ion charges, reduce the resistance of the rechargeable
material and allow efficient application of the latter.

Electrodes of NiO supercapacitors are typically based on various nanostructures. On
the one hand, the use of nanocrystalline NiO leads to an increase of the surface area. On
the other hand, the size effect causes a decrease of the bandgap and an increase of con-
ductivity [9,10]. The synthesis of nanometer scale NiO with different morphology, i.e.,
nano-sheets [11], thin film [12], plates [13], nanopyramids [14], and nanoparticles [15], is
currently accessible via electrochemical routes [13,16], emulsion nanoreactor method [17],
thermal decomposition of Ni(OH): at various temperatures [18,19], sol-gel [20], hydro-
thermal method [11,21], spray pyrolysis [12], etc.

Since the capacitance of oxide-based composites strongly depends on their micro-
structural characteristics that may differ at various synthesis conditions and component
ratios, the development of an efficient and simple synthesis method that would ensure
the production of composite electrode materials with optimal specific electrochemical
properties is a relevant task. Furthermore, it was previously shown [22,23] that non-iso-
thermal decomposition of Pt acetyl acetonate enables access to Pt/C nanoparticles whose
surface area can reach 100 m?/g. This synthesis method is very simple and requires only
two stages; moreover, no washing, filtering or subsequent drying of a specimen are re-
quired. Hence, the present study is based on the non-thermal decomposition synthesis for
producing NiO/C nanoparticles. This synthesis was performed at constant heating rate,
but at different nickel oxide-to-carbon carrier ratios in order to achieve the highest possi-
ble capacitance of a composite material.

2. Materials and Methods

Nickel (II) acetylacetonate Ni(acac)z2 (95%, Sigma-Aldrich, St. Louis, MO, USA) was
used as a precursor for the synthesis of NiO/C nanocomposites, and Vulcan-XC 72 (Cabot,
Boston, MA, USA) served as carbon support. At the first stage, nickel acetylacetonate was
solved at room-temperature in Tetrahydrofuran solution (99.9%, Panreac Quimica SLU,
Barcelona, Spain). The volume of solvent was chosen so that Ni(acac): was completely
diluted. The carbon support was then added to the mixture using continuous stirring.
After that, the blend was dried under continuous stirring using a magnetic stirrer and in
an ultrasonic bath at a temperature of 50 °C. The powder was subsequently placed in a
Nabertherm P300 high-temperature furnace (Nabertherm, Lilienthal, Germany). The syn-
thesis was conducted under non-isothermal conditions in air at a heating rate of 1 K/min.
The final synthesis temperature was determined from thermogravimetry data as 420 °C,
which corresponded to complete acetylacetonate decomposition (Figure S1). According
to the thermogravimetric data, nickel oxide concentrations in resulting composite materi-
als were respectively 10, 20, 30, 40, 50, 60, 70, 80, and 90 wt%.

The powder X-ray diffraction (XRD) data were collected on ARL X’TRA Thermo
Fisher Scientific powder diffractometer (Thermo Electron SA, Ecublens, Switzerland). All
XRD powder patterns were refined using the Rietveld method which enabled us to eval-
uate the average crystalline size D and parameter of the unit cell a. Since the p-form of
nickel oxide has a space group Fm3m, the X-ray diffraction patterns were refined similarly
to that described in the work [24,25]. The quality of X-ray refinement of NiO/C composite
is shown in Figure S2. Scanning electron microscopy (SEM) images were obtained on a
ZEISS Supra 25 unit microscope (Carl Zeiss SMT, Oberkochen, Germany) operated at 20
kV. Transmission electron microscopy (TEM) images obtained in a Philips CM 20 TEM
microscope (Philips, Amsterdam, Netherlands) operated at 200 kV. Raman spectra were
measured at room temperature through 50 x microscope objective using a Renishaw mi-
cro-Raman spectrometer (Renishaw plc., Gloucestershire, UK) equipped with argon laser
(514.5 nm, max power Pex = 10 mW).
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The electrochemical characterization of NiO/C composites as electrode materials for
supercapacitors was performed at room temperature in a three-electrode cell using a P-
150 potentiostat/galvanostat (Elins STC, Zelenograd, Moscow, Russia). A platinum wire
and a saturated Ag/AgCl were used as counter and reference electrodes, respectively. The
working electrodes were fabricated in accordance with the following procedure: 15 mg of
a NiO/C composite (pure carbon black Vulcan XC-72) was suspended in a mixture of 2-
propanol (Sigma-Aldrich) (0.5 mL) and 10 wt% aqueous Nafion™ solution (Sigma-Al-
drich) (0.02 mL). The mixture was stirred with a magnetic stirrer for 40 min; the formed
ink was then dropped onto a glassy carbon foil electrode (Sigma-Aldrich) and was air-
dried. The amount of dried ink in the working electrode was 1.0 mg. A 1 M KOH aqueous
solution was used as electrolyte. Cyclic voltammetry measurements (CVs) were con-
ducted in a potential range of -0.1 to 0.65 V at different scan rates. The galvanostatic
charge-discharge (GCD) and cycle-life/stability studies were carried out within the po-
tential range of 0 to 0.5 V. Based on the GCD process, the specific capacitance (Cs) was
obtained from the following equation [26]:

_ I X At
ST m x AV

where Cs (F g™) is the specific capacitance in a three-electrode system; I (A) is the discharg-
ing current; At (s) is the discharge time; m (g) is the weight of active materials (NiO/C
composite or pure carbon black Vulcan XC-72); and AV (V) is the voltage charge during
the discharge process.

A home-made cell of asymmetrical two-electrode SCs was assembled from polytet-
rafluoroethylene, where positive and negative current collectors were made of a nickel
foil (23 mm in diameter). The separator consisted of a hydrophilic polypropylene mem-
brane, and the electrolyte was a 6 M KOH solution. Both electrodes were prepared by
mixing the active electrode material (NiO/C nanocomposite in the case of the positive
electrode and carbon black (CB) Timcal Super C65 (Nanografi Nano Technology, Ankara,
Turkey) for the negative electrode), the CB conductor (Timcal Super C65) and polyvinyl-
idene difluoride (PVDF) with weight ratio of 7.5:1:1.5. A few drops of N-Methylpyrroli-
done (Sigma-Aldrich) were added to form the slurry that was smeared onto the nickel foil
current collector and exposed to 6 h of drying at 80 °C.

The electrochemical performance of the two-electrode system was tested via CV and
GCD measurements. CV measurements were carried out in a potential range of 0 to 1.65
V at different scan rates. The GCD and cycle-life/stability studies were implemented in
the same potential range. In the context the GCD process, the specific capacitance of a two-
electrode system was obtained, as follows [27]:

= I X At
ST M x AV

where Cs (F g7) is the specific capacitance of a two-electrode system; I(A) is the discharging
current; At (s) is the discharge time; M(g) is the total weight of active materials on positive
and negative electrodes; and AV (V) is the voltage charge during the discharge process.
The mass ratio between the positive and negative electrodes can be found using the charge
balance (q* = q°) from the equation below [26,27]:

m, C. X AV

m_  C, X AV,
where m is the mass, C is the specific capacitance, and AV is the potential window of the
electrode. The electrochemical properties of the NiO/C composite and CB in a three-elec-
trode system were examined separately through the CV and GCD measurements. Accord-
ing to the peculiar electrochemical behavior of each component, the optimal loading mass
ratio of NiO/C to CB is about 0.045.
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3. Results and Discussion

Figure 1 displays the data for all NiO/C composites. The peaks correspond to 3-NiO
(4.18 A, Fm3m). Besides this, the 26 angle range of NiO-deficient composites exhibits the
presence of a broadened peak referred to a Vulcan carbon support. The average NiO na-
noparticle size as a function of concentration, determined by XRD data refinement of
NiO/C composites, evidences a slight increase in nanoparticle size from 7 to 8 nm while
increasing the NiO concentration (Figure 2). The unit cell parameters vary from 4.1830 A
to 4.1792 A when increasing the NiO concentration from 10 to 90 wt%, which exceeds the
unit cell parameter a =4.1771 A for bulk NiO (JCPDS card no. 78-0429). A similar effect of
the unit cell parameter behaving as an inverse relationship of the average NiO nanoparti-

cle size was also observed in previous works [10].
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Figure 1. X-ray powder diffraction patterns of freshly prepared NiO/C nanocomposites.
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Figure 2. Nanoparticle average sizes evaluated from XRD (black circles) and TEM (red circles)
data.

Each spectrum can be roughly divided into three areas: (i) 300...1200 cm™, region
where standard modes of NiO are observed (TO, LO, 2TO, TO+LO, 2LO) (Figure S3); (i)
1200...1800 cm™, the region where the Vulcan modes are observed, corresponding to the
first scattering order and representing a pattern typical for amorphous carbon (bands D
and G); in this case, the two-magnon mode of NiO (~1490 cm™) is not visible (Figure S4
and Figure S5);

Spectra can be conventionally divided into two groups: (i) spectra of samples with
NiO concentration of 10%, 20%, 30%, 50% and 80% —in these spectra the Vulcan peaks are
most pronounced and the NiO peaks are weakly visible (Figure S4); (ii) spectra of samples
with NiO concentration of 40%, 60%, 70%, 90% —in these spectra the NiO peaks are most
pronounced and the Vulcan peaks are weakly visible (Figure S5).

Scanning and transmission electron microscopy data of the synthesized NiO/C sam-
ples are plotted in Figure 3. As seen from the SEM images (Figure 3a,c), the samples are
composed of NiO spherical particles distributed over the carbon support surface. Their
sizes increase with NiO concentration in the produced nanocomposites. The average di-
ameters of nickel oxide spheres are found to be 36 nm, 50 nm and 205 nm for nanocom-
posites with 10, 50 and 80 wt% of NiO concentrations, respectively. Based on these XRPD
results, each sphere contains individual nickel oxide nanoparticles. This conclusion is con-
sistent with TEM optical micrographs of NiO/C composites (Figure 3d—f).
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Figure 3. SEM (a,b,c) and TEM (d,e,f) images and grain size distributions (g h,j) of NiO nanoparti-
cles in NiO/C nanocomposites with different NiO concentrations: (a,d,g) 10 wt%, (b,e,h) 50 wt%,
(c,£1) 90 Wt%.

Figure 3g-i illustrate the particle size distributions at various NiO concentrations in
composites. The average NiO nanoparticle size as a function of NiO concentration is given
in Figure 2. It is evident that the average nanoparticle sizes evaluated from TEM data is
commensurate with those estimated via the Rietweld method.

The electrochemical results of all NiO/C composites, obtained in a three-electrode
cell, are plotted in Figures 4 and 5. The cyclic voltammograms (CVs) can be divided into
two groups with respect to their profiles (Figure 4). The first group comprises the compo-
sites with nickel oxide contents ranging from 10 to 60 wt% inclusively (Figure 4a). The
current peaks of the higher nickel oxide formation at potentials unfolding towards the
anodic range, as well as the appropriate current peaks of the higher nickel oxide reduction
upon the potential unfolding towards the cathodic range in a series from 10 wt% to 60
wt%, increase regularly with the NiO amount, and all CVs exhibit an analogous conven-
tional shape. The second group (Figure 4b), including NiO/C composites with NiO con-
centrations from 70 to 90 wt%, evidences no regularities from the first group. Along with
galvanostatic data for all composites, displayed in Figure 5, such a division into two
groups can be explained in the context of the percolation theory in strongly inhomogene-
ous media [28]. NiO/C composites are composed of a low-conductivity semiconducting
component of nickel oxide (109 S cm™ [9]) and an electron conductor of Vulcan carbon
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soot at their certain ratio, which ensures sufficient conductivity. According to earlier stud-
ies [29], starting from the volume soot concentration of 65 vol% (which corresponds to ~40
wt%), the electron conductivity of a composite becomes commensurate to that of pure
soot, which allows the electrochemical data to be interpreted in a correct manner.

Preliminary examination in a three-electrode cell enables to conclude that a NiO/C
composite with a 60 wt% NiO concentration possesses the best electrochemical properties,
which makes it a desirable object for more comprehensive investigation of electrochemical
characteristics.
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Figure 4. Cyclic voltammograms (CVs) of NiO/C samples, divided into two groups with NiO con-
centrations of: (a): 0, 10, 20, 30, 40, 50, 60 wt%; (b) 0, 70, 80, 90 wt%.
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Figure 5. Specific capacitance as a function of NiO content in NiO/C composites at a current den-

sity of 0.5 F g! in a three-electrode cell in a 1 M KOH solution. The results are divided into two
groups.

The CVs of NiO/C (60 wt%) samples (Figure 6a) exhibit a pronounced anodic peak,
associated with a higher oxide formation on the surface, and a cathodic peak of their re-
duction described by the following Equation (1):

NiO + OH™ < NiOOH + - 1)
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Figure 6. Electrochemical performance of NiO/C nanocomposite (60 wt% NiO) in a three-electrode
cell in a 1 M KOH aqueous solution: (a) CVs at various scan rates; (b) galvanostatic discharge
curves at various current densities; (c) specific capacitance as a function of current density; (d)
cycling stability at the current density of 2 A/g.

The maximum current of the anodic peak depends on the potential unfolding rate,
meaning that the diffusion limiting process is the proton diffusion in the solid phase.

In order to gather more detailed information on the specific capacitance of NiO/C (60
wt%) composite, the galvanostatic charge/discharge measurements were made at various
current densities (Figure 6b). As clearly seen in Figure 6c, the specific capacitance remains
almost unchanged while increasing the current density.

In the Table S1 demonstrated a comparation of the electrochemical performance of
the obtained NiO/C (60 wt% NiO) and other NiO/C composites with different carbon sup-
ports (composite microspheres [30], hollow microspheres [31], CNTs [32], carbon coating
on the NiO [33], graphite [34], sulfonated graphene [35], carbon nanospheres [36]), pre-
pared by various methods [30-36]. One can see that the Cs of the NiO/C (60 wt% NiO) at
the current density of 1 A g is 405 Fg! (Figure 6¢, Table S1) which is nearly the same
[35,36] or much higher than Cs [30-34] of other materials.

In order to investigate the electrochemical properties of NiO/C nanocomposite (60
wt% NiO) in terms of its potential applications, an asymmetric two-electrode cell was as-
sembled (Figure 7) with a positive electrode of NiO/C (60 wt% NiO) and a negative elec-
trode of carbon black Timcal Super C65 in a 6 M KOH electrolyte.
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Figure 7. A two-electrode cell: 1 —stainless steel plate, 2—polytetrafluoroethylene cell, 3, 5—cur-
rent collectors (Ni foil), 4—separator (hydrophilic polypropylene membrane), 6 —polytetrafluoro-
ethylene isolation gasket, 7—stainless steel cover with polytetrafluoroethylene spacer.

The use of such electrodes conforms to the principle of constructing an asymmetric
supercapacitor, because the potential windows for carbon and NiO/C electrodes are -1-0
V and 0-0.65 V versus a saturated Ag/AgCl electrode, respectively (Figure 8), which helps
widen the work potentials of the cell.

1.5F J
— Timcal carbon black

e LOf — NiO/C (60% NiO) .
<

2 05 |
&
[P

© 0.0} ]
=
£

S -0.5F i
@)

-1.0F i

-1.0 -0.5 0.0 0.5
Potential, V (vs Ag/AgCl)

Figure 8. CV curves of carbon black Timcal Super C65 (CB) and NiO/C (60 wt% NiO) in a three-
electrode cell in a 6 M KOH solution at a scan rate of 50 mV s

A series of CV curves were measured within different potential ranges at a scan rate
of 50 mV/s to estimate the optimal potential window for the asymmetrical two-electrode
cell (Figure 9a). When the potential window increased from 1 to 1.65 V, two redox peaks
were observed, indicating the pseudocapacitive behavior of the supercapacitor. Based on
these results, the CV measurements were performed at different scan rates within a po-
tential window of 1.65 V. As shown in Figure 9b the CV curves of the assembled cell main-
tained their shape even at high scan rates, evidencing its good rate capability.
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Figure 9. Electrochemical performance of the asymmetrical two-electrode cell with carbon black
Timcal Super C65 and NiO/C (60 wt% NiO) as negative and positive electrodes, respectively, in a 6
M KOH solution: (a) cyclic voltammogram (CV) curves within different potential ranges up to 0.65,
1 and 1.65 V at 50 mV s7; (b) CV curves at various scan rates; (c) galvanostatic discharge curves at
various current densities; (d) cycling stability at a current density of 0.1 A g™ during 4000 cycles.

The galvanostatic discharge curves exhibit no IR drop due to the internal resistance
in the initial range of a discharge curve (Figure 9c¢). The several-day-long cycling stability
tests of the asymmetric two-electrode cell (4000 cycles under a current density of 0.1 A g1)
reveal the excellent cyclic performance and the enduring stability (Figure 9d), which is
essential for practical applications.

The voltage supplied by a single asymmetrical two-electrode cell with a NiO/C pos-
itive electrode (60 wt% NiO) and an aqueous electrolyte is sufficient for the use in different
micro-devices, for example, in powering quartz clocks with a power rating of 1.5 V for
about 30 min (Figure 10).

Figure 10. Application of the asymmetrical two-electrode assembled cell (NiO/C (60 wt% NiO) as
a positive electrode and CB Timcal Super C65 as a negative electrode) in a 6 M KOH aqueous solu-
tion: (a) photograph of an asymmetrical two-electrode assembled cell charged at 0.5 mA and a
battery-free quartz clock; (b) photograph of a quartz clock (front side) in the process of charging;
(c) photograph of a quartz clock (back side) in the process of charging.
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Supplementary Materials: The following are available online at www.mdpi.com/2079-
4991/11/1/187/s1, Figure S1: TGA curve of Ni(acac)z: thermal decomposition at a heating rate of 1
K/min under air atmosphere., Figure S2: Experimental (red dots) and simulated (black solid line)
XRD patterns of NiO/C nanocomposite (80 wt% NiO). The blue line is the difference between ex-
perimental and theoretical XRD patterns. The tick marks correspond to the Bragg peak positions of
fcc Fm3m phase of NiO (Agreement factors were Rp = 4.77%, Rwp = 3.82%, and Rexp = 2.67%). Figure
53: Decomposition into components of the NiO/Vulcan spectrum (NiO concentration—80%). Empty
circles and blue curve correspond to experimental data, green curves—to NiO peaks, gray curves—
to Vulcan peaks. Figure S4: The first group of NiO/Vulcan spectra. NiO concentrations: 10%, 20%,
30%, 50%, 80%. Figure S5: The second group of NiO/Vulcan spectra. NiO concentrations: 40%, 60%,
90%, 95%. Table S1: Comparison of electrochemical performances of NiO/C (60 wt% NiO) and var-
ious NiO/C composites) in a three-electrode system (alkaline aqueous solution).
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