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Abstract
Transition metal oxides have received substantial attention because of their versatile applications in photocatalysis, electronics, and energy storage
systems such as batteries and pseudocapacitors. Owing to their variable oxidation states, they are known as redox-active materials, which give rise
to battery-type and pseudocapacitor-type electrodes for energy storage devices. In this work, 10%, 20%, and 30% cobalt-doped nickel oxide and
30% cobalt-doped nickel oxide mixed with propylene carbonate (PC) were synthesized via the hydrothermal method to produce electrode materials
for a supercapacitor. The electrode materials were characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), field-
emission scanning electron microscopy–energy-dispersive X-ray spectroscopy (FESEM–EDX), and Brunauer–Emmett–Teller (BET) analyses. The
obtained XRD and EDX spectra confirmed crystallinity and elemental composition. The BET surface area of 30% cobalt-doped nickel oxide mixed
with PC was estimated to be 17.67 m2 g−1, which is larger than that of 30% cobalt-doped nickel oxide, with a surface area of 11.05 m2 g−1. The
electrode fabricated with 30% cobalt-doped nickel oxide showed better performance, and its electrochemical performance was further enhanced
with the PC additive. The specific capacitance of the 30% cobalt-doped nickel oxide with PC additive reached 551 F g−1 at 0.1 A g−1 and 661 F g−1

at 5 mV s−1. The obtained results suggest that new-generation electrochemical electrodes can be optimized by adding PC during synthesis.
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1. Introduction

In today’s smart electronic devices, electrochemical energy storage (EES) devices are indispensable. Technological development
is necessary to enhance the characteristics of energy storage devices as global energy demands rise and the need for alternative
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energy sources grows [1]. Currently, research is ongoing around the globe to improve the performance of energy storage devices
in order to satisfy the rising demand for effective and sustainable energy storage systems [2, 3]. Despite these considerable efforts,
the development and fabrication of efficient, durable, and high-performance electrodes for energy storage devices remain major
challenges.

EES is primarily classified into batteries and electrochemical capacitors (supercapacitors). Supercapacitors are storage devices
with high power density, fast charging and discharging, and high cyclic stability. Electric double-layer capacitors (EDLCs), pseu-
docapacitors, and hybrid capacitors are types of supercapacitors. The type of supercapacitor is mainly determined by the storage
mechanism involved. The electrode, separator, and electrolyte are the fundamental components of an EES device [4]. In an EES
device with liquid electrolyte, two electrodes are filled with electrolyte, and a separator is placed between the electrodes. How-
ever, electrodes play a greater role because they determine the storage mechanism possessed by energy storage devices. Storage
mechanisms are described by whether the electrodes are faradaic, involving a reversible reduction–oxidation (redox) reaction, or
non-faradaic, which is capacitive and non-reversible. The type of material used for electrode fabrication determines the storage
mechanism. Carbon-based materials exhibit a capacitive storage mechanism, while transition metal oxides (TMOs) and conducting
polymers are electrode materials that exhibit a faradaic storage mechanism. In capacitive-type or EDLC electrodes, ion adsorption
occurs, whereas in faradaic-type (battery-type or pseudocapacitor-type) electrodes, a redox reaction occurs at the interface between
the electrodes and the electrolyte [5, 6].

TMO electrode materials have drawn considerable interest because they can be used as both battery-type and pseudocapacitor-
type electrodes. Various TMOs have been employed as battery-type and pseudocapacitor-type materials owing to the multiple
oxidation states of transition metals (TMs). The most commonly used transition metals and their oxides are nickel (Ni), titanium (Ti),
cobalt (Co), manganese (Mn), and vanadium (V), and nickel oxide (NiO), titanium oxide (TiO2), cobalt oxide (Co3O4), manganese
oxide (MnO2), and vanadium oxide (V2O5), respectively. TMOs are environmentally friendly and cheap to synthesize and have
high theoretical energy and power densities [7–9]. However, significant challenges have hindered the efficient performance of these
electrodes in supercapacitors, such as low electrical conductivity, high equivalent series resistance (ESR), and increased volume
during cyclic stability tests. To address these drawbacks, numerous research steps have been carried out on TMO materials.

The effect of a graphene oxide (GO) additive on Co3O4 (GO/Co3O4) and NiO (GO/NiO) for supercapacitor electrodes has been
studied. The electrodes showed specific capacitance values of 1156 F g−1 and 775 F g−1 at 1 mV s−1 [10]. The hydrothermal synthesis
of NiCoOx and NiCo2Ox for application in photocatalysis, rather than electrochemical applications, was reported [11]. NiO electrode
materials synthesized by the green synthesis technique showed 156 F g−1, 183 F g−1, and 85% capacitance retention [12]. Thin films
of Mn–Ni–Co oxide/GO coated on copper foam using electrodeposition were studied, and a value of 475 F g−1 was obtained [13].
NiCuCo mixed oxide electrode material synthesized by the hydrothermal method showed a specific capacity of 506 C g−1 at 1 A g−1

alongside 99% capacity retention for 1000 cycles [14]. A freestanding cobalt-doped nickel oxide nanosheet electrode fabricated on
carbon-welded carbon nanotube foam was studied to improve supercapacitor performance, and its evaluation showed 11.45 F cm−2

at 5 mA cm−2 [15]. Despite the numerous reports on TMO-based electrode materials, only a few reports have presented a cheap
method of synthesis while maintaining high specific capacitance.

In this work, 10%, 20%, and 30% cobalt-doped nickel oxide and 30% cobalt-doped nickel oxide with propylene carbonate (PC)
nanoparticles were synthesized using the hydrothermal method. The electrochemical activities were studied in a three-electrode
configuration using the as-synthesized materials as the working electrode. The effect of the PC additive on 30% cobalt-doped nickel
oxide was studied. PC is an organic solvent that is biodegradable, cheap, and non-toxic [16]. These results suggest that PC additives
can be employed to advance the characteristics of energy-storage devices.

2. Materials and methods

2.1. Materials for synthesis

Nickel(II) chloride hexahydrate (NiCl2·6H2O), cobalt(II) nitrate hexahydrate (Co(NO3)2·6H2O), PC, sodium hydroxide (NaOH),
N-methyl-2-pyrrolidone (NMP), hydrochloric acid (HCl), potassium hydroxide (KOH), acetone, and polyvinylidene difluoride
(PVDF) were purchased from chemical stores. Carbon black and Ni foam were purchased from China. The electrode materials
were prepared using the hydrothermal synthesis method.

2.2. Experimental methods

Cobalt-doped nickel oxide electrode materials were synthesized using the hydrothermal method. Co(NO3)2·6H2O (4.4 g) in 60
mL of distilled water and nickel(II) chloride hexahydrate (NiCl2·6H2O; 11.89 g) in 200 mL of distilled water were used as the Co and
Ni sources, respectively, while the concentrations of both precursor solutions were kept at 0.25 M. The Ni and Co precursor solutions
were stirred in separate beakers at room temperature for 1 h for the salts to dissolve. NaOH (2.0 g) was dissolved in 50 mL of distilled
water, and 5 mL of NaOH (1 M) was added to the Ni–Co precursor solution to obtain pH 7. Before adjustment of the solution pH, 10
vol%, 20 vol%, and 30 vol% of 60 mL of the Co precursor solution were added to beakers containing 60 mL of Ni precursor solution
and labelled beakers 1, 2, and 3. The mixture of the two precursor baths was stirred for 0.75 h at 27 ◦C before being transferred to
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Table 1: The synthesized electrode materials and their acronyms.

Synthesized material Acronym
10% Co-doped NiO 10% CN
20% Co-doped NiO 20% CN
30% Co-doped NiO 30% CN

30% Co-doped NiO + PC 30% CN+PC

three separate 100 mL Teflon-lined stainless-steel autoclaves. The same process was repeated for the 30% volume of Co precursor
and 60 mL of Ni precursor with 0.01 mL of the organic solvent (PC) in the bath. The autoclaves were preheated at 150 ◦C for 18
h. The obtained solution was cleaned using distilled water and ethanol to remove impurities and then dried overnight at 60 ◦C. The
resulting nanoparticles were calcined at 550 ◦C for 3 h to obtain 10% CN, 20% CN, 30% CN, and 30% CN+PC. The full meanings
of the acronyms are provided in Table 1.

3. Material characterization

3.1. Structural characterization

The 30% CN and 30% CN+PC electrode materials were evaluated using an X-ray diffractometer (XRD; Rigaku SmartLab
diffractometer) with a theta–theta goniometer and CuKα radiation (λ ∼ 0.154 nm), with 2θ ranging from 20◦ to 80◦. Morphology and
elemental mapping were performed at room temperature using FEI Quanta FEG 450 field-emission scanning electron microscopy
(FESEM). A Thermo Scientific Fourier transform infrared (FTIR) spectrophotometer was used to obtain the fingerprint spectrum
between 4000 and 400 cm−1, and a Brunauer–Emmett–Teller (BET) TriStar 3020 Micromeritics instrument was used to measure the
surface area of the nanoparticles at 77 K in a nitrogen atmosphere.

3.2. Electrochemical studies

The electron kinetics of the as-synthesized electroactive materials were studied by immersing the coated electroactive material
in 2 M KOH, used as the aqueous electrolyte in a half-cell setup. The Ni foam used in this study was washed in 0.5 M HCl and
distilled water and then cleaned in acetone. Each washing step was subjected to sonication for 20 min, followed by overnight drying
at 60 ◦C. The active materials, carbon black, and PVDF were combined in a percentage ratio of 80:10:10, respectively, to form a fine
slurry. The slurry was deposited with a paint brush on an area of 1 cm × 1 cm on the Ni foam and dried for 15 h at 50 ◦C. The coated
electroactive materials were used as working electrodes (10% CN, 20% CN, 30% CN, and 30% CN+PC), while Ag/AgCl was the
reference electrode and platinum wire was the counter electrode. The mass loading was measured by taking the difference between
the bare mass of the Ni foam and the coated Ni foam. The mass loading per square centimeter was maintained between 2.2 and 2.6
mg cm−2.

4. Results and discussion

4.1. Structural examination

4.1.1. XRD evaluations
The XRD patterns of 30% CN and 30% CN with PC additive are shown in Figure 1. The XRD patterns for 30% CN and 30%

CN with PC additive correspond to the XRD spectra of the host material (NiO). The observed 2θ peaks at 31◦, 36.90◦, 42.60◦,
62.50◦, 73.80◦, and 79◦ correspond to the (110), (111), (200), (220), (311), and (222) crystal phases of face-centered cubic NiO,
corresponding to JCPDS No. 04-0835. However, the peaks appearing around 2θ = 19◦, 58◦, and 65◦ correspond to Co3O4 (JCPDS
No. 73-2181). In contrast to the XRD peaks observed for NiO and Co3O4, the additional peaks appearing in the XRD spectra of
30% CN with PC additive can be attributed to the presence of the PC additive. The XRD spectra show that both electrode materials
exhibit a high degree of crystallinity.

4.1.2. The FTIR evaluation
Figure 2 depicts the FTIR spectra of 30% CN and 30% CN+PC nanoparticles. The functional groups identified in the FTIR

measurement correspond to the hydroxyl group at 3460 cm−1, the carboxyl group at 1600 cm−1, the carboxylic group between 1100
and 1321 cm−1, and the metal oxide around 450 and 550 cm−1. However, the FTIR spectra of the material with PC additive show a
different signature, which is the effect of the PC additive on the material during synthesis.
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Figure 1: XRD spectra of 30% CN and 30% CN+PC nanoparticles.

Figure 2: FTIR analysis of (a) 30% CN and (b) 30% CN+PC nanoparticles in the range of 4000–400 cm−1.

4.1.3. The FESEM images and EDX analysis
The FESEM images of the 30% CN and 30% CN+PC nanoparticles are shown in Figure 3. The FESEM image of the material

prepared by adding the PC additive shows slight particle aggregation as a result of the interaction between the precursor solvent and
the PC solution. The FESEM images of 30% CN and 30% CN+PC show nanoflakes and a regular semi-spherical shape, respectively.
The FESEM images reveal distinct modification of the electrode material surface morphology following incorporation of the PC
additive during synthesis. The semi-spherical shape observed in the electrode material with PC additive promotes better adhesion of
the active material to the nickel foam, thereby improving electron transport and electrochemical performance.
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Figure 3: FESEM images of (a) 30% CN and (b) 30% CN+PC nanoparticles.

Figure 4: EDX elemental composition of (a) 30% CN and (b) 30% CN+PC nanoparticles.

The elemental compositions of the 30% CN and 30% CN+PC materials were established by EDX analysis. Figure 4 shows the
EDX spectra of 30% CN and 30% CN+PC and the elemental distributions of the materials. The atomic and weight percentages of
the elemental compositions are presented in the inset of Figure 4. No impurities are present in the EDX results.

4.1.4. BET analyses
The BET measurement results of the 30% CN and 30% CN+PC nanoparticles are presented in this section. The isotherm linear

plots for 30% CN and 30% CN+PC nanoparticles are depicted in Figure 5. The linear isotherm plot shows slight hysteresis during
the adsorption and desorption procedures. Both exhibit a type IV isotherm, according to IUPAC classifications. The estimated
BET surface areas, pore sizes, and pore volumes for the 30% CN and 30% CN+PC nanoparticles are 11.05 m2 g−1, 39.73 nm, and
0.1096 cm3 g−1, and 17.67 m2 g−1, 22.07 nm, and 0.0975 cm3 g−1, respectively. The pore sizes of the materials fall in the range
of 2–50 nm, showing that both nanoparticles are mesoporous. The BET pore-structure parameters exhibited a strong relationship
with the electrochemical performance of the electroactive materials. Increased pore size and pore volume promote efficient ion
transport during the charging–discharging process. However, sufficiently large pores may impede the effective surface area available
for charge storage. The electrode material with PC additive shows a smaller pore size and increased surface area, which provided
better electrochemical performance than the electrode material without PC additive.

4.2. Electrochemical analysis

This analysis involved different fabricated electrodes, and the following investigations were carried out: cyclic voltammetry (CV),
galvanostatic charge–discharge (GCD), and electrochemical impedance spectroscopy (EIS). The obtained data were used to calculate
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Figure 5: Isotherm linear plot of (a) 30% CN and (b) 30% CN+PC nanoparticles.

the specific capacitance (Csp, F g−1) from CV and GCD using Eq. (1) and Eq. (2), respectively:

Csp =

∫︁
i(V) dV

mν∆V
, (1)

Csp =
i × td

m × ∆V
. (2)

Here,
∫︁

i(V) dV is the absolute area under the CV curves, i is the applied current (A), td is the discharge period (s), ∆V is the operating
potential window (V), ν is the scan rate (V s−1), and m is the mass loading (g).

4.2.1. Cyclic voltammetry
The CV curves of the 10%, 20%, and 30% CN and 30% CN+PC electrodes were analyzed in the voltage range of 0–0.5 V at

5–50 mV s−1, as shown in Figure 6. The shapes of the CV curves for all the as-synthesized electrode materials show redox peaks,
which is evidence of a faradaic reaction at the boundary between the electrodes and the electrolyte. The CV curves for the electrode
with PC additive at the anodic peak deviate at the scan rate of 50 mV s−1. The current response of the CV curves increases with the
scan rates.

The absolute area under the CV curves shows a maximum value for the electrode with PC additive compared with x% CN (where
x = 10, 20, and 30) without PC additive, indicating improved specific capacitance as a result of the incorporation of the organic
additive (PC). Figure 7 depicts the Csp of the electrode materials at a scan rate of 5 mV s−1. The highest achieved Csp of 661 F g−1

was observed for the 30% CN+PC electrode material. The observed Csp in the electrode materials with PC additive was accompanied
by an increase in current response and the absolute area under the CV curve. The well-defined presence of redox peaks for all the
as-synthesized electrode materials indicates that they are battery-type electrodes.

The anodic and cathodic redox peaks obtained from the oxidative and reductive scans of the CV curves were used as the peak
currents (Ipa and Ipc) and the corresponding potentials (Epa and Epc), respectively, as demonstrated in Figure 8. Various ratios attained
by the anodic peak currents to the cathodic peak currents at a scan rate of 10 mV s−1 were calculated for the two samples, 30% CN
and 30% CN+PC, with peak-current ratios of 1.1 and 1.08, respectively, against the theoretical value of 1 [17].

To confirm the behavior of the charge-storage mechanisms involved in the CV loop of the two best-performing electrodes, the
Tafel plot and Randles–Sevcik equation were used according to Eq. (3) and Eq. (4), respectively:

i = aνb, (3)

ip = aν1/2. (4)

Here, i is the current, ip is the peak current, ν is the scan rate, and b is the slope of the plot.
Figure 9 depicts the plots of the peak currents against the square roots of the scan rates and the logarithm of the peak currents

against the logarithm of the scan rates. The linear behavior detected in the peak currents against the square roots of the scan rates
shows that the charge-storage mechanism involved is a diffusion-controlled process.

The b-values obtained from the plot of Tafel’s relation for the two best-performing electrodes are b = 0.47 and 0.53 and b = 0.46
and 0.54 for the anodic and cathodic peaks of 30% CN and 30% CN+PC, respectively. The b-values further confirm that charge
storage is a diffusion-controlled process. Therefore, the CV curves and the analysis reveal that the electrode is a battery-type
electrode, which is supported by the redox peaks related to the faradaic process.
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Figure 6: CV curves for various scan rates: (a) 10% CN, (b) 20% CN, (c) 30% CN, and (d) 30% CN+PC.

Figure 7: CV curve showing the specific capacitance of 10%, 20%, and 30% CN and 30% CN+PC at a 5 mV s−1 scan rate.
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Figure 8: Plot showing the peak current and potential values in the oxidative and reductive scans for (a) 30% CN and (b) 30% CN+PC
at a scan rate of 10 mV s−1.

Figure 9: Linear plot of peak currents against the square roots of scan rates and log of peak currents against log of scan rates, showing
anodic and cathodic b-values for 30% CN and 30% CN+PC.

4.2.2. Galvanostatic charge–discharge analysis
The GCD graphs of the electrodes measured at 0.1 A g−1 and 0.5–3.0 A g−1 current densities show nonlinear behavior of the

potential–time curves, which confirms battery-type behavior of the electrode material, as shown in Figure 10(a,b).
For the electrode materials, there is evidence of a plateau shape in the GCD curve, which is characteristic of battery-type behavior

[7]. The maximum specific capacitance calculated using Eq. (2) and the discharge curve of Figure 10(c) at 0.1 A g−1 is 226 F g−1

and 551 F g−1 for 30% CN and 30% CN+PC, respectively. The specific capacitance obtained from the GCD curves decreases as the
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Figure 10: (a,b) GCD curves at various current densities, (c) discharge curve at a current density of 0.1 A g−1, and (d) variation of
Csp at various current densities for 30% CN and 30% CN+PC.

Table 2: Comparative electrochemical behavior of selected electrodes.

Electrode material Electrolyte Condition Csp Synthesis method Ref.
NiO 1 M KOH 10 mV s−1 128 F g−1 Hydrothermal [18]
Co-doped NiO 2 M Na2SO4 10 mV s−1 555.62 F g−1 Hydrothermal [19]
MoS2/MnO2 0.5 M Na2SO4 0.04 A g−1 199.12 F g−1 Hydrothermal [20]
Mn–Ni–Co oxide/graphene 6 M KOH 5 mV s−1 531 F g−1 Electrodeposition [13]
V2O5 3 M KOH 0.1 A g−1 6.1 F g−1 Hydrothermal [21]
30% CN 2 M KOH 0.1 A g−1 (5 mV s−1) 203 (226) F g−1 Hydrothermal This work
30% CN+PC 2 M KOH 0.1 A g−1 (5 mV s−1) 661 (551) F g−1 Hydrothermal This work

current density increases, as shown in Figure 10(d).
The comparative electrochemical performance of some selected transition metal oxides and transition-metal-doped oxides is

presented in Table 2.

4.2.3. The EIS evaluation
The EIS spectra of the 10%, 20%, and 30% CN and 30% CN+PC electrodes are presented as Nyquist plots in Figure 11. The EIS

measurement was conducted in the frequency range of 10 mHz to 100 kHz, corresponding to low- and high-frequency regions at a
10 mV AC signal. The EIS spectra give information about impedance parameters, such as electrolyte resistance (RE), charge-transfer
resistance (RCT), Warburg diffusion resistance (W), and the constant phase element (QCE) of the double-layer capacitance.

The semicircle in the Nyquist plot is observed in the high-frequency region, and the straight line is observed in the low-frequency
region. The semicircle length was used to estimate charge-transfer resistance, while the gradient of the straight line and the intercept
on the real axis of the impedance give information about Warburg resistance and electrolyte resistance, respectively. The EIS fitted
results in Table 3 show that the electrodes with organic additive (PC) have a lower RCT value than the electrodes without PC, indicating

9
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Figure 11: EIS plots (inset: equivalent circuit illustration) of (a) 10% CN, (b) 20% CN, (c) 30% CN, and (d) 30% CN+PC.

Table 3: EIS fitted parameters extrapolated from the Nyquist plot.

Electrode material RE (Ω) RCT (Ω)
10% CN 0.58 0.95
20% CN 1.06 2.07
30% CN 0.58 1.43

30% CN+PC 0.59 0.23

better ionic diffusion at the interface between the electrolyte and electrodes. However, the real and imaginary resistances decrease as
the doping level increases, as shown in Figure 11.

5. Conclusion

We successfully synthesized 10%, 20%, and 30% cobalt-doped nickel oxide and 30% cobalt-doped nickel oxide + PC super-
capacitor electrode materials using the hydrothermal method. The effects of the PC additive on the structural and electrochemical
properties were studied. The XRD and EDX spectra confirmed the crystalline nature and elemental composition of the synthesized
electrode materials. The FESEM images show nanoflakes and discrete-shape nanoparticles for 30% CN and 30% CN+PC, respec-
tively. The BET surface areas were estimated as 11.05 and 17.67 m2 g−1 for 30% CN and 30% CN+PC, respectively. The 30% CN
and 30% CN+PC electrode materials display specific capacitance of (226 and 203 F g−1) and (551 and 661 F g−1) at a current density
of 0.1 A g−1 and scan rate of 5 mV s−1, respectively. The EIS results revealed that the 30% CN+PC electrode exhibited the lowest
charge-transfer resistance among the investigated electrode materials. The electrochemical studies reveal that both electrode materi-
als behave like battery-type electrodes. This study shows that the electrochemical properties of transition metal oxide electrodes can
be enhanced by incorporating PC additive during material synthesis.
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