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Abstract

Manganese dioxide (MnQO;) remains one of the most attractive pseudocapacitive electrode materials for
supercapacitor applications because of its low cost, environmental compatibility, high theoretical
capacitance, and natural abundance. However, its practical electrochemical performance is often limited
by poor intrinsic electrical conductivity and sluggish ion transport, both of which are strongly
influenced by synthesis conditions and resulting microstructure. In this work, MnO,was synthesized
from potassium permanganate (KMnO4) via a hydrothermal route, and the influence of hydrothermal
duration on electrochemical performance was systematically investigated. Two samples were prepared
at different reaction durations: 12 h (LH-MnO,-12) and 18 h (EH-MnO>-18). Electrochemical
properties were evaluated using cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and
electrochemical impedance spectroscopy (EIS). CV results revealed that EH-MnO-18 exhibited higher
current response and a larger enclosed voltammetric area than LH-MnO,-12, indicating improved
charge storage behaviour. GCD measurements further confirmed superior capacitance for EH-MnQO;-
18, delivering a specific capacitance of 140.33 F g1 at 0.5 A g and retaining 35.2 F g'at 10 A g7,
whereas LH-MnQO>-12 recorded 45.5 F g at 0.5 A g'land 28.4 F gat 10 A g1. Although EH-MnO;-
18 showed substantially higher capacitance, LH-MnO,-12 demonstrated comparatively better
capacitance retention across increasing current densities, suggesting improved rate stability. EIS
analysis showed that EH-MnQO»-18 possessed lower solution resistance and charge transfer resistance,
contributing to reduced equivalent series resistance and enhanced electrochemical kinetics. These
findings demonstrate that extending hydrothermal duration significantly improves the electrochemical
activity of MnQO,, although with a tradeoff between capacitance magnitude and rate retention
behaviour. The results provide useful insight into hydrothermal time engineering as a practical strategy
for tuning MnQO: electrode performance for supercapacitor applications.
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INTRODUCTION

The growing global demand for efficient and sustainable energy storage technologies has
intensified research interest in electrochemical energy storage systems with high power
density, fast charge-discharge capability, and long operational lifetime (Audu et al., 2025).
Among these technologies, supercapacitors have attracted significant attention due to their
rapid energy delivery, excellent cycling stability, and high-power density compared with
conventional batteries, making them promising for portable electronics, electric vehicles, and
grid-level energy management applications (Abraham et al., 2023; Aghmadi & Mohammed,
2024; Idris, Musa Mohammed, et al., 2025). Supercapacitors are generally classified into two
major categories based on their charge storage mechanism: electrical double-layer capacitors
(EDLCs) and pseudocapacitors. EDLCs store energy through electrostatic ion accumulation
at the electrode/electrolyte interface, typically using carbon-based materials. In contrast,
pseudocapacitors rely on fast and reversible Faradaic redox reactions occurring at or near the
electrode surface, which often provide significantly higher capacitance values than EDLC
systems (Idris et al., 2024; Vardhan et al., 2018). Transition metal oxides have emerged as
attractive pseudocapacitive materials because of their multiple oxidation states and rich redox
chemistry (Abba et al., 2024; Idris, Mamba, et al., 2025). Among them, manganese dioxide
(MnOy) has received extensive attention owing to its low cost, environmental friendliness,
natural abundance, and remarkably high theoretical specific capacitance of approximately
1370 F g1 (Patil et al., 2025a; Plakia & Kartsonakis, 2025a). In addition, MnO; exhibits a broad
potential window in aqueous electrolytes and can participate in rapid surface redox reactions,
making it a promising electrode candidate for aqueous supercapacitor systems (X. Yang et al.,
2025). Despite these advantages, the practical electrochemical performance of MnO» often falls
far below its theoretical limit. This discrepancy is primarily attributed to its intrinsically poor
electrical conductivity, generally reported in the range of 105 - 10¢ S cm-!, as well as limited
ion diffusion within bulk structures (Kwon et al., 2021; Shin et al., 2020). Hydrothermal
treatment can significantly influence nucleation rate, particle aggregation, crystallinity, pore
formation, and defect density, all of which strongly affect electrochemical performance (Duan
et al., 2012; Walanda et al., 2005). Hydrothermal duration is a critical parameter because
insufficient reaction time may result in incomplete crystal growth and underdeveloped
electroactive structures, whereas prolonged reaction times can promote better crystal
maturation, improved structural ordering, and enhanced ion transport pathways (Su et al.,
2019). Birnessite-type MnO. nanoflakes with monoclinic microstructure were synthesized via
a hydrothermal method by Mathkuri et al. The material demonstrated a specific capacitance
of 145.21 F g at a scan rate of 5 mV s from cyclic voltammetry measurements, alongside an
energy density of 20.16 Wh kg and a power density of 363.03 W kg (Mothkuri et al., 2020).
Sivakumar and Prabu synthesized a-MnO, nanoparticles through a chemical precipitation
route followed by annealing at 550 °C. Electrochemical studies showed that the a-MnO:;
electrode delivered a high specific capacitance of 901 F g at low scan rate, demonstrating
strong pseudocapacitive behaviour. However, a progressive decrease in capacitance was
observed with increasing scan rate, which was attributed to diffusion limitations (Sivakumar
& Prabu, 2021). Garima et al. prepared MWCNT/MnO, nanocomposites with varying
MWCNT loading through hydrothermal synthesis and systematically evaluated their
structural and electrochemical properties. Electrochemical measurements revealed that the 1
wt.% MWCNT/MnO. nanocomposite exhibited the highest performance, with specific
capacitances of 729.8 F g1 from CV and 405.5 F g from GCD. EIS results further showed
relatively low solution and charge transfer resistances of 5.57 Q and 15.60 €, respectively,
suggesting improved conductivity and charge transport within the composite system
(Srivastava et al., 2025). In another study, Mo-incorporated 6-MnO: nanostructures with
enhanced electrochemical performance for supercapacitor applications. Electrochemically,
the optimized electrode delivered a specific capacitance of 225 F g1 at 1 A g, with excellent
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rate capability and strong cycling stability. In addition, the assembled Mo-MnO.//AC
asymmetric device operated up to 1.5 V, achieved an energy density of 18.86 Wh kg and
retaining 74.2% capacitance after 10,000 cycles (Shimna & Mohanty, 2026). This study presents
a systematic investigation of the effect of hydrothermal duration on the electrochemical
performance of MnO. synthesised from potassium permanganate for supercapacitor
applications. While hydrothermal synthesis of MnO has been widely reported, limited
attention has been given to understanding how relatively small variations in hydrothermal
treatment duration influence the balance between capacitance enhancement, resistance
reduction, and rate capability retention.

Experimental

Materials

Potassium-permanganate (KMnOy), Trioxonitrate (V) acid (98% HNOs), N-Methyl-2-
pyrrolidinone (NMP), Polyvinylidene fluoride (PVDF) and Activated carbon (AC) were
purchased and used without any further purification from Sigma-Aldrich Chemicals Private
Ltd, Industrial-Area Anekal Taluk, Bangalore, India, Plot No. 12, Bommasandra Jigani Link
Road.

Synthesis of manganese (IV) oxide

The MnO. powder was synthesised following the method adopted by (Egorova et al., 2021),
where 0.79 g of KMnO; was measured and transferred into a clean beaker. 20 ml of
concentrated nitric acid was gently added to the KMnOj4 while stirring vigorously with a glass
rod to ensure thorough dissolution and proper mixing. The resulting homogeneous solution
was carefully transferred into a Teflon-lined autoclave, then sealed tightly and placed inside
an oven for hydrothermal treatment at 200 °C for 12 hours. The resulting solution afterward,
was cooled to room temperature and centrifuged at 1000 rpm for 10 minutes to remove
unreacted precursors and impurities. The purified sediments are then dried in an oven at
100°C for 3 hours to remove residual moisture without affecting the crystal structure and are
named MnO; synthesised with a lower hydrothermal duration of 12 hours (LH-MnO»-12). A
similar synthesis process was repeated with a variation of the hydrothermal duration to 18
hours, and the sample was named MnO- synthesised with an elevated hydrothermal duration
of 18 hours (EH-MnO»-18). The dried powdered MnO, samples were then kept for electrode
fabrication. The schematic diagram of the synthesis process is shown in Fig. 1.
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Fig. 1. Schematic illustration for the synthesis of MnO».
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Electrode fabrication

In fabricating the electrode, 70 wt % of the active material (MnO») was ground with 20 wt %
of carbon black and 10 wt % of polyvinylidene diflouride (PVDF). The ground mixture was
made into a slurry with a few drops of N-methyl pyrrolidinone (NMP). The slurry was then
coated onto stainless steel foil and dried in an oven for 6 hours (Hasegawa & Noda, 2016). An
aqueous solution of 1 M KOH was used as an electrolyte. The coated stainless-steel (SS) foil
was used as the working electrode and Ag/AgCl and Pt foil served as reference and counter
electrodes, respectively.

Electrochemical testing

The electrochemical measurements were carried out using the CORRTEST (CS310 series)
electrochemical workstation (Wuhan, China) using three electrode configurations. The cyclic
voltammetry (CV) tests were carried out between -0.2 and 0.5 V at different scan rates. The
galvanostatic charge-discharge was evaluated at different current densities. Electrochemical
impedance spectroscopy (EIS) measurements were carried out by applying an AC voltage
with 5 mV amplitude over a frequency range from 0.01 Hz to 100 kHz at the open circuit
potential.

RESULTS AND DISCUSSION

Cyclic voltammetry

The cyclic voltametric measurements of both LH-MnO,-12 and EH-MnO,-18 were recorded
at various scan rates. In the cyclic voltammetry (CV) curve of LH-MnO»-12, less current is
generated, as shown in Figure 2a, thereby occupying less area than EH-MnO2-18 with a higher
current response. The CV plot of EH-MnO»-18 tends to show a near-rectangular, symmetrical
shape, reflecting ideal capacitive behaviour with minimal pseudocapacitance (Aliyu et al.,
2026; Musa et al., 2026). This may be the accumulation of ions at the electrode-electrolyte
interface without electron transfer reactions. The observed differences in the CVs shown in
Figure 2a provide a clear insight into how hydrothermal duration enhances the
electrochemical properties of MnO,, making it more effective for applications where high
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capacitance and rapid charge-discharge cycles are required (Patil et al., 2025b). A combined
cyclic voltammetric (CV) analysis at different scan rates for LH-MnO»-12 and EH-MnO»-18
offers significant insights into their electrochemical behaviours in Figures 2b and 2c. The CV
curves of EH-MnO»-18 typically exhibit a near-rectangular, symmetrical shape, especially at
lower scan rates. This rectangular shape is indicative of ideal electric double-layer capacitance,
where charge storage occurs through the electrostatic accumulation of ions at the electrode
surface without involving faradaic (electron-transfer) reactions (Vardhan Palem et al., 2020; J.
Wu, 2022). The CV curves of LH-MnO»-12, in contrast, show noticeable pseudocapacitive
shape. At very high scan rates, the CV curve of EH-MnO»-18 deviates slightly further from an
ideal rectangle, indicating slight resistance to ion diffusion at the electrode surface
(Bharathidasan et al., 2019). The overall shape, however, remains relatively consistent due to
the absence or minimal of faradaic processes.
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Fig. 2. Cyclic voltammogram of (a) LH-MnO»-12 and EH-MnO»-18 at 10 mV s (b) LH-MnO»-12 at different scan
rates (c) EH-MnO»-18 at different scan rates.

Galvanostatic charge-discharge

The galvanostatic charge-discharge (GCD) analysis of LH-MnO»-12 and EH-MnO,-18
electrodes at different current densities is presented in Figure 3. From the GCD plots, a
comprehensive view of the enhanced electrochemical performance of EH-MnO»-18 over LH-
MnO»-12 is illustrated in Figure 3a. The EH-MnO:-18 electrode displays symmetrical charge
and discharge profiles with nearly constant slopes, suggesting that the electrodes exhibit a
high degree of electrochemical reversibility.
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Fig. 3. Galvanostatic charge-discharge cycles of (a) LH-MnO,-12 and EH-MnO»-18 at 1 A g (b) LH-MnO»-12 at
different current densities (c) EH-MnO,-18 at different current densities.

In figures 3b and 3c, for both electrodes, the discharge time decreased progressively as the
applied current density increased from 1 to 10 A g-1. This behaviour is expected because higher
current densities shorten the available time for electrolyte ions to diffuse into electroactive
sites, resulting in faster charge-discharge processes and lower measured capacitance values
(N. Yang et al., 2022). At low current density (1 A g1), both materials displayed their longest
discharge durations, indicating improved utilisation of active material due to sufficient ion
diffusion and redox participation. A clear distinction is observed between the two samples.

EH-MnO»-18 exhibited significantly longer charge-discharge durations than LH-MnO»-12 at
corresponding current densities, particularly at lower current densities, suggesting a higher
charge storage capacity and improved electrochemical activity. For example, at 1 A g, the
discharge time of EH-MnO»-18 extended much longer than that of LH-MnO»-12, which is
consistent with the calculated higher specific capacitance of EH-MnO»-18 (H. Wu et al., 2025).
The longer hydrothermal duration likely promoted improved crystal growth, better structural
development, and enhanced electrochemically active surface accessibility, which collectively
contributed to improved capacitance behaviour (Plakia & Kartsonakis, 2025b). The GCD
results confirm that increasing hydrothermal duration from 12 h to 18 h significantly
enhanced the electrochemical performance of MnO, by improving discharge duration and
specific capacitance, as shown in table 1. EH-MnO»-18 therefore demonstrated superior

S. L. Enesi, DUJOPAS 12 (2¢): 76-85, 2026 81



Effect of derothermal Duration on the Sueercaeacitive Performance of MnO:

energy storage capability, while LH-MnO»-12 exhibited relatively better capacitance retention
under increasing current load.

Table 1. Comparison of capacitance properties of LH-MnO,-12 and EH-MnQO»-18 electrodes

Sample/Current 05Ag1 1Agl 2Agl 4Ag1 6Ag! 8Agl 10A gt
density

LH-MnO>-12 45.5 42.0 36.6 328 30.9 29.7 284
LH-MnO»-12 140.3 109.7 83.7 62.9 46.4 39.6 35.2

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) provides valuable insights into the
electrochemical behaviour and impedance characteristics of the LH-MnO»-12 and EH-MnO»-
18 electrodes, as presented in the Nyquist impedance plots (Fig. 4a). The Nyquist plots of LH-
MnO,-12 and EH-MnO»-18 obtained from electrochemical impedance spectroscopy . Both
samples display a small semicircle in the high-frequency region followed by an inclined line
at lower frequencies, indicating the presence of charge transfer resistance and ion diffusion
behaviour typical of MnO»-based pseudocapacitive materials. EH-MnO>-18 shows a smaller
intercept and reduced semicircle diameter compared to LH-MnO»-12, suggesting lower
solution resistance and charge transfer resistance. This confirms improved electrical
conductivity and faster interfacial charge transport in EH-MnO»-18, which is likely due to
better structural development resulting from the longer hydrothermal duration.
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Fig. 4. (a) Combined EIS plots of LH-MnO,-12 and EH-MnO»-18 (b) Plot of specitic capacitance against current
densities of LH-MnO»-12 and EH-MnO»-18.

As shown in Fig. 4b, the variation in specific capacitance with current density for both
electrodes was recorded. EH-MnO»-18 consistently delivered a higher specific capacitance
than LH-MnO2-12 across all current densities, confirming its superior charge-storage
capability. However, both samples exhibited a gradual decrease in capacitance as current
density increased, as expected, because rapid charging limits the penetration of electrolyte
ions into electroactive sites. Although EH-MnO»-18 recorded a significantly higher initial
capacitance, LH-MnO2-12 demonstrated better retention at higher current densities,
indicating stronger rate stability. Overall, the results suggest that prolonged hydrothermal
treatment improved capacitance performance but introduced a trade-off in the retention of
rate capability.

CONCLUSION

MnO; was successfully synthesized from KMnO, through a hydrothermal approach using
two different reaction durations of 12 h and 18 h to investigate the influence of hydrothermal
time on electrochemical performance for supercapacitor application. The study clearly
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demonstrates that hydrothermal duration plays a critical role in determining the charge
storage behaviour and electrochemical kinetics of the resulting MnO, materials. Among the
two samples, EH-MnO-18 exhibited superior electrochemical performance than LH-MnO»-
12. With EH-MnO»-18 delivering a significantly higher specific capacitance of 140.33 F g at
0.5 A g1 compared to 45.5 F g1 obtained for LH-MnO,-12 under the same conditions.

Electrochemical impedance spectroscopy also revealed lower solution resistance and charge
transfer resistance for EH-MnO»-18, suggesting improved ion transport and faster interfacial
charge transfer. Despite its lower capacitance, LH-MnO,-12 displayed better capacitance
retention with increasing current density, indicating comparatively stronger rate stability. The
results revealed that, extending the hydrothermal duration from 12 h to 18 h significantly
improved the electrochemical activity of MnO; synthesized from KMnOs, making EH-MnO.-
18 the more promising electrode material for high-capacitance supercapacitor applications.
The findings highlight hydrothermal time as an important synthesis parameter for tuning
MnO; performance and provide useful guidance for further optimisation of manganese oxide-
based electrode materials for electrochemical energy storage.
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