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Study of spinel ZnNixMnxCo2-2x04 (x = 0, 0.25, 0.5, 0.75, and 1.0) nanomaterials for
supercapacitor electrode applications by hydrothermal synthesis
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This research investigated the properties and performance of spinel ZnNixMnxCo.2xO04 for
use as a supercapacitor electrode. All materials employed a single-step hydrothermal
procedure to synthesize. The stoichiometric values of x = 0, 0.25, 0.50, 0.75, and 1.0 were
studied. Various characterized methods, e.g., XRD, SEM, and XPS, were utilized for
material characterization. The electrode properties were assessed with a 2 M KOH
electrolyte as the testing medium. For the electrochemical studies in this work, cyclic
voltammetry (CV) was used to analyze the type of material being a supercapacitor, where
the result indicated the spinel ZnNiuMn«Co,.¢O4 exhibited the pseudocapacitor type.
Furthermore, the charging and discharging of the supercapacitor were employed to examine
the absorption and desorption of charges at the charging and discharging process,
respectively. The internal resistance of the electrode, which affects the supercapacitor’s
efficiency, was evaluated using electrochemical impedance spectroscopy (EIS). Among
those CV studies, the electrode made from the ZnNig75Mng.75C00.504 material showed the
best supercapacitor property, demonstrating a capacitance of 535 F/g at 5 mV/s scan rate.
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1. Introduction

The fatigue caused by reliance on fossil fuels has wide-ranging impacts on the environment
and society, leading to the pursuit of renewable energy sources. However, due to the variability and
unpredictability of natural energy sources, energy storage solutions are necessary to store energy.
At the same time, it is being produced to guarantee a sustainable supply. Many forms of energy can
be stored, such as heat, solar, gravitational, electrochemical, and electricity. In the case of
electrochemical and electrical energy storage, batteries and supercapacitors have garnered much
attention for many technological applications. When comparing these two types of energy storage,
supercapacitors have been dominant due to their high-speed charge and discharged capabilities at
high current ratings, long capacitance retention, and low resistance [1-5].

Supercapacitors may be divided into three types depending on their faradaic interaction.
This research focused on the pseudocapacitor type of supercapacitor that uses metal oxides as
electrode materials [6—10]. The three types of supercapacitors differ based on the materials used for
the electrodes. Materials derived from carbon, including activated carbon, graphene, graphene
oxide, and carbon nanotubes, exhibited the characteristics of electrical double-layer capacitors
(EDLCs). In contrast, metal oxides, sulfides, and similar compounds are typically used in
pseudocapacitors (PDSs) and hybrid supercapacitors.

* Corresponding author: asanee.s@sciee.kmutnb.ac.th
https://doi.org/10.15251/JOR.2025.212.225



https://chalcogen.ro/index.php/journals/journal-of-ovonic-research
https://chalcogen.ro/index.php/journals/journal-of-ovonic-research?view=article&id=646&catid=12
https://doi.org/10.15251/JOR.2025.212.225

226

Transition metals are widely studied for use in supercapacitor materials due to their ability
to enhance performance while being low-cost and stable over the long term. Among various metal
oxide materials, the spinel-type structure, the chemical formula AB,Os, is fascinating. According to
the formula AB»Os, A represents a metal cation with a +2 valency, while B represents a metal cation
with a +3 valency. Metal oxides, namely NiC0,0s, CuC0,04, MnCo0,04, and ZnCo,04, are
extensively researched due to their low production costs and high theoretical capacitance [11-23].
For example, A. J. C. Mary et al. synthesized ZnCo,04 doped with Mn using a hydrothermal method,
achieving a capacitance of 707.4 F/g using the electrolyte of 2 M KOH [24]. Similarly, M. Sharma
et al. synthesized zinc cobalt oxide (Zn;.xCuxCo0,04) with Cu doping using a hydrothermal method,
resulting in the most significant capacitance of 1,425 F/g using 6 M KOH as an electrolyte [25].

In this research, spinel ZnNixMnxCo,.,x04 nanocomposites were synthesized with x values
of 0, 0.25, 0.50, 0.75, and 1.0. All materials were prepared through a single-step hydrothermal
approach. Various characterization methods were applied, including XRD, SEM, TEM, and XPS.
Electrochemical properties of the electrode materials coated were assessed by the CV, GCD, and
EIS.

2. Experiment

2.1 Sample preparations

The precursor for ZnNiMnsCo,2Os at different stoichiometric ratios was prepared
according to the specified x values: 0, 0.25, 0.50, 0.75, and 1.0. This work used metal acetate, e.g.,
Zn, Ni, Co, and Mn acetate, as started material precursors. For x = 0, the expected material was
spinel ZnCo0,04. A 5 mmol of zinc acetate dihydrate was dissolved in 50 mL DI water and stirred
for 15 min until fully dissolved. After that, 10 mmol of cobalt acetate tetrahydrate was added to the
previous Zn** solution. The mixed solution was further stirred for 15 minutes. Then, 10 mL NaOH
(3 M) was slowly dropwise to the Zn and Co mixing solutions and stirred for 1 hour. The pre-
precipitate was transferred into a 100 mL hydrothermal reactor. Then, it was autoclaved at 160 °C
for 10 hours. When the reaction cooled down, the material was washed with DI and dried in an
electrical oven (60 °C, 24 hours). Subsequently, the products were calcined at 800 °C for 2 hours.
The other stoichiometric ratios (x = 0.25, 0.5, 0.75, and 1.0) were done similarly to the x = 0, where
the synthesis diagram is summarized in Fig. 1.

ZnNiMn,Co, ,,0,
X=0,0.25, 0.50,0.75 and 1

.- o - g - X- o

DI water 60 ml NaOH 3 M Autoclave Funnel Filtration Calcined at 800 °C
and stirring 10 min 10 ml temp =160 °C For 2 hour
time = 10 hour =

Fig. 1. Synthesis diagram of ZnNixMn.Co1.2:04 at x = 0, 0.25, 0.50, 0.75, and 1.0.

2.2. Characterizations

The prepared samples were analyzed for their crystalline structure using XRD (Bruker D8
eco) scanning covering a range of 15° to 80°. The morphology and surface characteristics of all
spinel-type structures were analyzed using SEM (JEOL, JSM IT800) and TEM (JEOL, JEM 2100
Plus). Additionally, the elemental analysis was performed with XPS (KRATOS, Axis Ultra DLD).

2.3. Photoelectrochemical performances

The material paste for coating on an electrode was prepared using a highly conductive
carbon addition, N-methyl-2-pyrrolidone (NMP) solvent, and poly(vinylidene fluoride) (PVDF)
binder in a weight ratio of 8:1:1, respectively. The spinel paste was coated onto a nickel sheet foam
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substrate, where the control coating area was ~1 cm?. The specimen was dried in a general electrical
oven at 80 °C for 24 hours. The electrochemical performance was studied only in a three-electrode
method, where 2 M KOH was applied as the electrolyte. The CV experiment potential was
conducted at —0.5 to +0.5 V vs. an Ag/AgCl reference electrode. The cell electrode was connected
as a working electrode, while a Pt was applied as the counter electrode. Many scan rates determined
the electrodes' performance, ranging from 5 mV/s to 100 mV/s. The specific capacitance (Cs) was
calculated by the following equation:

1av
Cs = /
mxvxXAV

(D

where [ IdV is the absolute area obtained from the CV experiment, m is the loaded mass of the
active material coated on a nickel foam electrode, v is the CV scan rate, and AV is the potential
difference. GCD tests were performed at current densities between 3 and 25 mA/cm?, with the
voltage scan limited to 0 to 0.5 V. EIS measurements were studied over a frequency range from 0.1
Hz to 10° Hz and a 10 mV AC signal.

3. Result and discussion

Fig. 2 shows the XRD patterns in the 20 scan range from 15° to 80° for samples representing
different values of x. The sample analysis with x = 0 indicated a composite of ZnCo0,04 and ZnO
phases. The XRD peaks located at 18.9°, 31.2°, 36.8°, 38.5°, 44.7°, 59.3°, and 65.2° were assigned
to ZnCo,04 and corresponded to the (111), (220), (311), (222), (400), (511), and (440) planes,
respectively, as confirmed by PDF card 00-023-1390 [37]. The peaks located at 31.8°, 34.4°, 36.3°,
47.5°, 56.6°, and 62.9° were associated with the ZnO phase. Compared to the PDF card 01-089-
7102 [38], these peaks were assigned as the plane indices of (100), (002), (101), (102), (110), and
(103), respectively.
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Fig. 2. XRD patterns of various spinel ZnNi.MnCo,.:O4 samples, with x = 0, 0.25, 0.5, 0.75, and 1.0).
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In the case of x = 1.0, the XRD analysis of ZnNiMnO; revealed phases of ZnMnQO3 and
Zn0.99Ni0.010 according to PDF card 01-070-6709 [39] and PDF card 01-078-3344 [40], respectively.
The diffraction peaks for the ZnMnQOj; phase were located at 18.4°, 30.3°, 35.6°, 37.4°, 43.5°, 53.8°,
57.3°, and 62.9°, corresponding to the indices of (111), (220), (311), (222), (400), (422), (511), and
(440). The diffraction peaks for the Zno.9oNig01O phase were located at 31.7°, 34.5°, 47.6°, 56.6°,
and 68.0°, which correspond to the planes (100), (002), (102), (110), and (112), respectively.

The XRD pattern for stoichiometric ratios of x = 0.25, 0.5, and 0.75 showed similar
characteristics. When compared to the database, these three materials were found to be comprised
of Znp.99Nip01O and Co.MnO4 phases (PDF card 00-001-1130) [41]. The peaks located at 31.7°,
34.5°,36.3°,47.6°,56.6°, 62.9°, and 67.9° were attributed to the Zno.99Nio.01O phase, while the other
diffraction peak located at 18.6°, 30.7°, 37.9°, 44.1°, 54.6°, 58.4°, 64.2°, and 75.4° were indexed to
Co,MnOs, assigning as the planes (111), (220), (222), (400), (422), (511), (440), and (541),
respectively.
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Fig. 3. SEM images represent of (a) ZnCo0y, (b) ZnNzMn04 and (c) ZnNza 75Mno 75Coa 504 and TEM
images of (d) ZnCo:0y, (e) ZnNiMnOy, and (f) ZnNig.7sMn.75C00.504.

Fig. 3 displays the selected samples' SEM images. In Fig. 3(a), the morphology of ZnCo0,04
displays hexagonal nanorods and nanoplate structures, indicating the presence of at least two mixed
phases. In Fig. 3(b) and Fig. 3(c), the morphology of the ZnNiMnO4 and ZnNig 75Mng.75C00.504
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samples is more difficult to identify using SEM. Notably, the particle sizes of ZnNiMnO4 and
ZnNiy.7sMng.75C00.504 appear smaller than ZnCo,O4, suggesting that smaller particle size correlates
with a larger surface area.

TEM images of ZnCo,04, ZnNiMnOs, and ZnNig75sMng 75C00.504 are depicted in Fig. 3(d),
Fig. 3(e), and Fig. 3(f), respectively. In Fig. 3(d), the interplanar d-spacing of ZnCo,04 is observed,
with a lattice distance of 0.28 nm that corresponds well to the plane (220) of ZnCo0:0a. Fig. 3(e)
shows the heterostructure of Zng 99Nio.010 and ZnMnOs. The d-spacing of 0.25 nm matches the (101)
plane of Zng99Nip01O, while the d-spacing of 0.29 nm originates from the Miller plane of (220)
reflection of ZnMnO:s. In Fig. 3(f), two phases are mixed: CooMnO4 and Zng 99Nig010. The 0.24 nm
d-spacing corresponds to the (311) Co,MnQO4 phase, whereas the 0.26 nm lattice d-spacing is
attributed to the (002) Zng.99Nig010 phase.
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Fig. 4. XPS spectra of ZnCo0,04, ZnNiMnOy, and ZnNip.7sMng.75C00504: (a) survey XPS scan, (b) O Is, (c)
Mn 2p, (d) Co 2p, (e) Ni 2p, and (f) Zn 2p.



230

Fig. 4 shows the XPS spectra of ZnCo0,04, ZnNiMnQs, and ZnNig7sMng75C00504
nanocomposites. The survey chemical composition of each material is shown in Fig. 4(a). For the O
1 spectra, the O 1s of ZnNiMnQO4 were similar to that of ZnNip75Mng 75C00.504. However, a shift in
the O 1s spectrum was observed for ZnCo,0O4 compared to the other two samples, suggesting that
the oxygen in ZnCo,04 interacts more strongly with the Co atom than in the other materials. For the
remaining elements, the shifts in the XPS peaks exhibited similar trends.
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Fig. 5. CV curves of different materials of spinel ZnNixMn.Co:.2:04 (x = 0, 0.25, 0.5, 0.75, and 1.0) and
comparative material at a scan rate of 5 mV/s.

Electrode performance was evaluated using CV technique. In the three-clectrode study, all
material's CV curves are depicted in Fig. 5. The potential window range studied was scanned from
—0.5 to +0.5 V. The results revealed the redox peaks of each sample, indicating pseudocapacitive
characteristics [42]. For comparison purposes, the CV results at 5 mV/s were summarized in Fig.
5(f). By integrating the CV curve, the ZnNi0.7sMno75C00s04 areca was larger than all materials
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studied in this work. The area increase is attributed to the variation of Co, Ni, and Mn substituent

atoms at different stoichiometric ratios. The calculated specific charge storage capacity for the
material at varying scan rates is summarized in Table 1.

Table 1. Calculate the specific capacitance of each material.

Scan rate Specific capacitance (F/g)

(mV/s) x=0 x=1 x =0.25 x=0.50 | x=0.75
5 88.72 533.86 184.15 181.31 535.09

10 83.56 413.01 165.11 126.73 415.68

25 69.98 276.45 113.62 77.57 268.09

50 55.07 191.51 75.70 52.95 176.01

75 46.41 151.38 58.44 42.28 133.05
100 40.67 126.34 47.95 35.99 107.47

Fig. 6 compares the material's charge and discharge efficiency coated on the electrode at
applied currents of 3, 5, and 10 mA/cm?. The voltage range examined was from 0 V to +0.5 V. It is
noteworthy that the charging period was not well balanced with the discharging time, leading to
poor GCD results. However, in Fig. 6(f), when comparing all GCD results, ZnNig 75Mng.75C00.504
exhibited the best performance. The GCD results align with the CV tests.
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Fig. 6. GCD curve of spinel ZnNi.MnCo,.,.O at different x substitutions and their comparison,
with a fixed 3 mA/cm? applied current.



232

Fig. 7 presents the Nyquist plot for five composite materials with varying x values. The
resistance values correlate with capacitance; lower resistance facilitates reactions, resulting in higher
capacitance [43-44]. Conversely, higher resistance results in lower capacitance due to the difficulty
of reactions occurring within the system. The charge transfer resistance (Rcr) values indicate this
relationship, with smaller curves signifying lower reaction resistance. The lowest resistance occurs
at x = 0.75, followed by x = 1.0, x = 0.25, x = 0.50, and x = 0. The lower Rct enhances charge
transfer throughout the charge and discharge processes in the supercapacitor, resulting in improved
specific capacitance.
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Fig. 7. Nyquist plot of spinel ZnNixMn,Co,.2:04 (x = 0, 0.25, 0.50, 0.75, and 1.0)
and the suggested model for the internal resistance of electrodes.

4. Conclusions

ZnCo,04, ZnNiMn,04, and ZnNixMnCo2.2x04 (Where x = 0.25, 0.5, 0.75, and 1.0) were
studied for supercapacitor electrode application. The single-step hydrothermal method were
employed to synthesize all products. The phase of the materials and crystal structure were confirmed
through XRD analysis, while elemental composition was determined by XPS analysis. The sample
morphology was illustrated using SEM and TEM. All experiments used 2 M KOH electrolyte for
the electrochemical properties throughout the experiments. The electrochemical studies revealed
that ZnNig7sMng 75C00.504 showed the highest specific capacitance at the 5 mV/s scan rate, and the
trends observed in GCD agreed with the CV results. Furthermore, EIS analysis showed the internal
resistance of all materials and indicated that the ZnNip 7sMno.75C00.504 sample had the lowest internal
resistance. This research demonstrates the effectiveness of using substituted compositions in the
mixing spinel ZnNixMnxCo2.,x0s nanomaterial. The improvements found in this work were
attributed to the substitution, which led to lower internal resistance and enhanced electrical energy
storage capacity.
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