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Abstract
Electrode material has been cited as one of the most important determining factors in classifying an energy storage system’s 
charge storage mechanism, i.e., as battery-type or supercapacitive-type. In this paper, we show that along with the electrode 
material, the electrolyte also plays a role in determining the charge storage behaviour of the system. For the purpose of our 
research, we chose multi-elemental spinal type  CuMn2O4 metal oxide nanofibers to prove the hypothesis. The material is 
synthesized as nanofibers of diameter ~ 120 to 150 nm in large scales by a pilot scale electrospinning set up. It was then tested 
in three different electrolytes (1 M KOH, 1 M  Na2SO4 and 1 M  Li2SO4), two of which are neutral and the third is alkaline 
(KOH). The cyclic voltammograms and the galvanostatic charge–discharge of the electrode material in a three-electrode sys-
tem measurement showed that it exhibit different charge storage mechanism in different electrolyte solutions. For the neutral 
electrolytes, a capacitive behaviour was observed whereas a battery-type behaviour was seen for the alkaline electrolyte. This 
leads us to conclude that the charge storage mechanism, along with the active material, also depends on the electrolyte used.

Keywords Energy storage materials · Electrochemical double layer capacitors · Capacitive charge storage · Ternary 
manganates · Pseudocapacitors

Introduction

The exponential increase in the usage of portable electronic 
devices, medical equipment and now, electric vehicles, made 
the energy storage system (ESS) to be in a much higher 
demand than ever before; consequently, the ESS industry 
has come a long way in the last couple of decades [1]. These 
increase in demands of ESS initiates to explore new energy 
storage materials with improved efficiency, low cost, and 
availability. The commercial energy storage device used for 
these portable electronic gadgets as well as robotic devices 
are lithium ion batteries (LIB), storing the electrical energy 
reversibly in it. The ever-increasing cost of lithium, its 
lower availability and its thermal runaway problem initi-
ated exploring other materials such as zinc, sodium, sulphur, 
magnesium, and aluminium as energy carriers although the 
lower cycling stability of the batteries using these carriers 
hinder their practical deployment [2]. The rise in the elec-
tric vehicle markets, owing to the initiation of global  CO2 
emission reduction from automobiles by 2030, would require 
high power devices for its braking as well as automatic door 
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opening applications, thereby requiring higher cycle life of 
the ESS device.

Supercapacitors, a typical class of energy storage devices, 
hold its importance in energy storage markets owing to its 
lower charging and discharging time (power density) and 
the best reported cycling stability [3]; however with much 
lower energy density than batteries. Attempts to increase the 
energy density of supercapacitors are researched through 
synthesis of various metal oxides, metal chalcogenides, orga-
nometallic compounds, ternary metal cobaltites, and various 
forms of carbons [4]. These materials are electrochemically 
characterized in a wide range of electrolytes such as aque-
ous, alkaline, ionic and organic electrolytes for exploring 
its utility as a supercapacitor material [5, 6]. The charge 
storage process in supercapacitor is a reversible process in 
which instantaneous charges will remain the same in charge 
and discharge processes [7]. Carbons, especially activated 
carbon (AC), were identified to be supercapacitive mate-
rial and it store charges in an electric double layer (EDL) 
between electrode–electrolyte interface [8]. The reversibility 
of the process was identified from the symmetry of the cyclic 
voltammetric (CV) studies; redox peaks in CV curves were 
absent for carbon electrodes in different electrolytes. Similar 
results were obtained for  RuO2 and  MnO2 as supercapacitor 
electrodes, the capacitance of these materials was higher 
than carbons depicting an ion intercalation on a few surface 
layers, higher than the EDLCs but lower than the batteries 
[9, 10]. This electrolyte ion intercalation does not change the 
reversibility of electrodes, hence named as pseudocapaci-
tance (PC) and these materials as pseudocapacitive materials 
[11, 12]. Based on this categorization, several metal oxides 
and its composites were tested in alkaline electrolytes and 
reported as pseudocapacitors [13]. However, the CV curves 
of these materials possess redox peaks owing to the different 
redox state of the material and there is asymmetry between 
charging and discharging curves [14, 15]. Therefore, the 
instantaneous capacitances of these materials were differ-
ent at each time interval showing a more battery-type charge 
storage process and the electrode fabricated using these 
materials are termed as battery-type electrodes [16, 17].

The argument of battery-type charge storage process 
as a material property is doubtful. Several factors such as 
redox states, pore size, surface area, electrolyte ion charge 
transport parameters including its concentration and solvent, 
electrode–electrolyte interface resistance, etc., are involved 
in the charge storage process of a supercapacitor [18, 19]. 
The electrolyte-ion intercalation changes with the pore size 
of the material as well as the solvated ion size difference, 
thereby affecting the amount of charges stored [20]. Fur-
thermore, there are researches reporting on changing the 
charge storage property of  RuO2 from EDLC to PC with the 
change in electrolytes [21–23]. Therefore, this paper evalu-
ates the variation of charge storage properties in alkaline and 

neutral electrolytes of a random mixed metal spinel oxide 
 (CuMn2O4) synthesized as nanowires through electrospin-
ning technique. The variation in the charge storage mode 
with respect to electrolytes is detailed herewith. The elec-
trochemical characterization of this material as a superca-
pacitor electrode shows pseudocapacitive behaviour in 1 M 
 Li2SO4 and 1 M  Na2SO4 and battery type charge storage 
process in 1 M KOH. Therefore, this research paper points 
out the variation in charge storage process with electrolytes 
thereby proving that charge storage is not itself an electrode 
material property; hence, classification of materials or its 
supercapacitor electrodes as EDLC, PC and battery-type is 
not appropriate without considering the electrolyte.

Experimental Setup

Synthesis of Material

Metal oxide  (CuMn2O4) nanofiber compound is synthe-
sized using electrospinning technique. Polymer solution is 
prepared using 14wt% PVP (avg Mw ̴ 1,30,000 by LS) in 
1:1 ratio of DMF and ethanol, stirred overnight in closed 
container. 3.5 mM of metal-acetate (copper(II)acetate and 
manganese(II)acetate) precursors (by Sigma Aldrich, USA) 
are added to the solution prepared above and kept for stirring 
until a homogeneous solution is obtained (12 h). This hetero-
geneous solution, with conductivity and viscosity of 144 µS 
and 470 cp, is then electrospun (100 needles Bioionica, Flu-
idnatek, Spain) at a flow rate of 15  mlh−1 with injection and 
collector voltage fixed at 23 V and − 24 V, respectively. The 
relative humidity of the apparatus was maintained ~ 45%, 
and the temperature was fixed at 50 °C. The electrospun 
polymer fiber containing the metal precursors are then col-
lected on aluminium foil collector (Fig. 1) and were stored 
in desiccator for 48 h and peeled off to calcine at 400 °C in 
a muffle furnace in air at heating rate of 1 °C/min.

The material obtained was characterised using X-ray dif-
fraction (XRD; D2 PHASER, Bruker. Software: DIFFRAC.
COMMANDER. Lower discriminator (0.180–0.110  V), 
Upper discriminator (0.250–0.5  V), 2Theta (10–80)), 
Scanning Electron Microscopy (SEM; Hitachi S-2600H, 
Japan) and Field Emission Scanning Emission Microscopy 
(FESEM, JSM-7800F, JEOL, Japan).

Electrochemical Analysis

For electrochemical energy storage investigation, the elec-
trodes were fabricated by coating slurry of the active mate-
rial on pre-cleaned nickel foam substrates using acetone, 
HCl, water, and ethanol. The slurry, for the purpose of this 
experiment, was prepared by mixing the active material with 
polyvinylidenefluoride (PVDF) (Sigma Aldrich, USA) and 
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carbon black (Super P conductive, Alfa Aesar, UK) in the 
ratio 80:10:10. N-methyl-2-pyrrolidinone (NMP), which 
works as a homogenizer, was added to the above mixture and 
stirred well for 24 h. The prepared slurry was pasted on an 
area of 1  cm2 over the pre-cleaned nickel substrate and dried 
overnight at 65 °C. After drying the electrodes are pressed 
using a hydraulic press with pressure of 5 tonnes to ensure 
the homogeneity of the material in the electrode surface. The 
active material loading on the electrodes was determined to 
be ~ 2.2 mg  cm−2 for all the electrodes.

The cyclic voltammetry (CV), charge–discharge cycles 
(CDC) and electrochemical impedance spectroscopy (EIS) 
measurements of the electrodes were studied using poten-
tiostat–galvanostat (PGSTAT M101, Metrohm Autolab 
B.V., Netherlands) employing NOVA 1.9 software. The 
EIS measurements were recorded in the frequency range of 
100 kHz–0.01 Hz at the respective open circuit potential. 
The electrochemical characterizations were performed using 
1 M  Na2SO4, 1 M KOH and 1 M  Li2SO4 in a three-electrode 
configuration using working electrode, Ag/AgCl as reference 
electrode and a platinum wire as the counter electrode.

Result and Discussions

Structure and Morphology

The crystal structure of the material is analysed through 
XRD; the XRD pattern of the  CuMn2O4 nanofibers 
refined by the Rietveld method using the TOPAS soft-
ware is shown in Fig. 2. The pattern show cubic spinel 
structure of the material through peaks corresponding 
to (111), (022), (311), (222), (004), (331), (422), (333), 
(044), (442), (062), (533) and (622) crystal planes at 2θ ~ 
19°, ~ 30°, ~ 36°, ~ 38°, ~ 44°, ~ 48°, ~ 54°, ~ 58°, ~ 63°, ~ 6
8°, ~ 72°, ~ 75°, and ~ 76° respectively. The Goodness-of-
Fit indicator S = 1.27, which is defined as S =  Rwp/Rp, is 

within the optimum range of 1. 2–1.4, from which it can be 
concluded that the fitting between the calculated and the 
observed diffraction profiles are in good agreement. The 
volume of unit cell calculated from the pattern is 569.87 
Å3. A secondary phase peak corresponding to CuO has 
been detected and identified by (*) in the plot; however, 
the fraction of CuO in the mixture is considerably lower 
(~ 2%), which is not expected to influence the electrochem-
ical properties in a significant way. The residues of fitting 
 (Rp,  Rwp and  Rexp) as well as physical parameters such as 
lattice parameter, lattice volume, crystallite size, lattice 

Fig. 1  Schematic of experimental setup for nanofiber preparation

Fig. 2  Reitveld refinement plot of  CuMn2O4. The solid circles are 
the experimental pattern, the continuous lines are the calculated pat-
tern. The bottom continuous line gives the difference between the 
calculated and the experimental pattern. The bottom vertical lines are 
the Bragg reflection positions of the standard spinal structure of the 
 CuMn2O4 for �  = 1.5406  Å radiation. The middle vertical line cor-
responds to the CuO peak marked in *
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strain, linear absorption coefficient, density of the unit 
cell, obtained from the refinement are listed in Table 1.

The morphology of the sample analysed using FESEM 
is in Fig. 3. Images of different resolution were recorded, 
a fibre-like morphology was observed for the sample. The 
fibres consisted of agglomeration of nanoparticles and the 
fibre thickness was measured to be ~ 120–150 nm.

Electrochemical Properties

Cyclic Voltammetry (CV)

The cyclic voltammograms of the material in different 
electrolytes are shown in Fig. 4a–c. The reversibility of 
the electrodes to be evaluated from the symmetry of the 
CV curves determines the charge storage process in them. 
A highly symmetric CV curve without any clear redox 
peaks is indicative of similar charge assembly at regu-
lar voltage intervals, thereby demonstrating pure EDLC; 
whereas small deviation from symmetry still without any 
redox peaks characterizes pseudocaapcitive properties [14, 
16, 19]. On the other hand, clear oxidation and reduction 
peaks occurring at different potentials are indicative of 
battery-type storage process [14, 16, 19]. In the 1 M KOH 
electrolyte, the CV curves of the electrodes in Fig. 4a show 
(i) clear redox peaks and (ii) varying instantaneous charges 
in different voltage intervals, thereby showing battery type 
charge storage process as has been recommended previ-
ously [14, 16, 19]. Previous researchers show that the oxi-
dation/reduction process in the  CuMn2O4 electrode can be 
understood from the reaction schemes shown in (1).

Table 1  Reitveld refinement parameters

Parameter Values

Space group Fd3m

a (Å) 8.2907
Cell Volume (Å3) 569.87
R-Bragg 0.141
Rp (%) 1.66
Rwp (%) 2.10
Rexp (%) 1.83
S (=  Rwp/Rp) 1.27
Wt%—Rietveld 100.0
Crystallite Size Lorentzian (nm) 66.4
Lattice Strain 0.2373
Crystal Linear Absorption Coeff.  (cm−1) 3721.86

Fig. 3  The FESEM images of the  CuMn2O4 at various magnifications
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i.e., in 1 M KOH, the redox peaks in the CV curves of 
the  CuMn2O4 can be explained as the transformation of 
 Mn3+/Mn4+ [24–26] and  Cu2+/Cu transformation [27, 28]. 
However, the redox peaks formed in 1 M KOH electro-
lyte show low symmetry curves and clear redox processes 
compared to other two neutral electrolytes (1 M  Li2SO4 
and 1 M  Na2SO4). As understood from the literature, the 
conductivity as well as solvated ion size of these neutral 
electrolytes were inferior compared to alkaline electro-
lytes [29, 30]. Usually, neutral electrolytes possess poten-
tial window in the range of ~ 1 to 2 V [31, 32]. However, 
since this study compares the charge-storage property of 
the electrode–electrolyte interface rather than electrode 
property, the potential window (V) of the electrochemical 
studies in these series of experiments was fixed at 0.5 V for 
all the electrolytes. The hydrated ion size of  Li+ (38.2 nm) 

(1)

CuMn2O4 + H2O + 2e−
charging
⟷

discharging
2MnOOH + CuO

2MnOOH + 2H2O + 2e−
charging
⟷

discharging
2Mn(OH)2 + 2OH−

and  Na+ (35.8 nm) is higher than  K+ (33.1 nm) [32]. Fur-
ther,  K+ ions also have an improved ionic conductivity 
compared to the  Li+ and  Na+ ions. Therefore, the improved 
conductivity of KOH electrolyte could have resulted in 
deeper solvated ion intercalation to the electrode surface 
compared to the other two. This deeper ion intercalation 
to the electrode surface could have lowered reversibility 
of charge-storage process showing prominent charge–dis-
charge process. Further observing the redox peaks of the 
CV curves in KOH electrolyte at higher rates, the redox 
peaks changes its position in positive and negative region 
showing the variation of charge storability at different scan 
rates. The larger solvated ion size of  Li2SO4 and  Na2SO4 
would have denied its deeper ion intercalation compared 
to KOH. Therefore, the charge storage property of the 
same material  (CuMn2O4) is varied; more of a battery-
type in KOH electrolyte and supercapacitive in  Li2SO4 
and  Na2SO4 electrolyte. Therefore, categorising electrode 
materials as supercapacitive and battery-type material is 
questionable.

The capacitance from the CV curves for these materials 
could be calculated using the Eq. (2)

Fig. 4  CV curves of  CuMn2O4 nanofiber in a 1 M KOH, b 1 M  Li2SO4, c 1 M  Na2SO4, at different scan rates (d) Comparison of variation in 
specific capacitance in different electrolytes at different scan rates
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The capacitance of  CuMn2O4 was superior in KOH 
electrolyte (~ 124 F.g−1) compared to  Li2SO4 (~ 26 F  g−1), 
and  Na2SO4 (~ 17 F  g−1) at a scan rate of 10 mV  s−1. The 
higher capacitance of  CuMn2O4 in KOH electrolyte shows 
improved electrode–electrolyte interaction owing to the 
improved ionic conductivity of electrolyte, and the one-
dimensional pathways offered by the materials. Figure 4d 
compares the variation of capacitance of  CuMn2O4 with 
increase in scan rate. The plot shows that there is ~ 57% of 
capacitance retention with 10 times increase in scan rate 
whereas the retention was ~ 77% and ~ 78%, in  Na2SO4 
and  Li2SO4, respectively. The  CS obtained by  CuMn2O4 in 
all the three electrolytes were lower compared to the other 
materials reported by our group earlier [33–35]. However, 
the scope of this paper is not on the energy storage capac-
ity of the material but on understanding the charge storage 
process as an electrode–electrolyte system than categoris-
ing it as a battery-type or supercapacitor material.

(2)C
s
=

1

m × ScanRate × PotentialWindow
∫ CVcurve

Galvanostatic Charge Discharge (GCD)

The practical charge storage capacity of the electrode is cal-
culated using charge–discharge cycling. The difference in 
charge storage process with the variation of electrolyte could 
be determined by the shape of GCD curves in Fig. 5. Fig-
ure 5a show the GCD curve of  CuMn2O4 in 1 M KOH. There 
is a clear asymmetry between charge and discharge cycles 
showing battery-type charge storage and the two charge–dis-
charge plateaus between 0.35 and 0.5 V, increasing its charg-
ing as well as discharging time. It could be observed that 
the maximum capacitance of the material is obtained in this 
voltage range and the capacitance drastically decreases after 
this voltage range. Similar charge–discharge behaviour was 
observed for transition metal oxide nanofibers such as  Co3O4 
[36], CuO [27], and NiO [4] in KOH electrolyte. There-
fore, this battery-type charge property of  CuMn2O4 could 
be attributed to the solvated ion intercalation of KOH to 
the electrode surface. This intercalation increases the redox 
reaction of  Mn3+/Mn4+ and  Cu2+/Cu process compared to 
the other two neutral electrolytes.

The GCD curves of  CuMn2O4 (Fig.  5b, c) show 
almost similar charge–discharge curves without any 

Fig. 5  GCD curves of  CuMn2O4 nanofiber in a 1 M KOH, b 1 M  Li2SO4, and c 1 M  Na2SO4, at different scan rates d Comparison of variation in 
specific capacitance in different electrolytes at different scan rates
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charge–discharge plateau. The coulombic efficiency (η) 
of the electrode is defined as the ratio of discharging to 
charging time and determined to be 91.62%, 90.62%, and 
88.79 at 1A/g for KOH,  Li2SO4, and  Na2SO4 electrolytes, 
respectively. The result shows a comparable η for neutral 
electrolytes compared to KOH electrolyte. This smooth 
charge–discharge process is also desirable for a power 
device electrode such as supercapacitor. The resistance 
of the electrode  (RS) to the ion intercalation could be cal-
culated from the ratio of potential drop to the change in 
current. The  RS value of the electrodes were determined to 
be 1.85 Ω, 6.25 Ω, and 6.20 Ω, at 1A/g for KOH,  Li2SO4, 
and  Na2SO4, respectively. The difference in the resistance 
of the electrode depends on the ionic conductivity of the 
electrolyte as well as its solvated ion size. Therefore, the 
 RS value of the electrode to KOH ion intercalation was 
lower thereby proving its asymmetric behaviour.

The capacitance decreases with increase in current 
density for the electrode in all the electrolytes (Fig. 5d). 
Similar to the capacitance reduction with increase in scan 
rate from CV curves, the  CS reduced to ~ 60%, ~ 78%, 
and ~ 58%, for KOH,  Li2SO4, and  Na2SO4 respectively. 
It could be observed from Fig. 5a that the asymmetry in 
CD curves reduced with increased current density show-
ing a decrease in faradic reaction at higher current densi-
ties. The  CS retention was higher for  Li2SO4 electrolyte 
validating its capacitance retention from CV curves. The 
charge storage property variation with alkaline and neutral 
electrolyte create doubt on categorising the material as 
battery-type and pseudocapacitive material.

Electrochemical Impedance Spectroscopy (EIS)

The electrochemical impedance spectroscopy (EIS) study 
determines the electrode–electrolyte interaction as well as 
the electrode resistance. It was performed in the frequency 
range of 0.1 MHz to 2 MHz with an ac variation of 10 mV. 
The Nyquist plot of  CuMn2O4 in 1 M KOH, 1 M  Li2SO4, 
and 1 M  Na2SO4 could describe three processes (a) the resis-
tive effects such as electrode series resistance (ESR) or the 
electrode resistance  (RS) at higher frequencies (> 1 kHz), (b) 
intermediate frequencies (< 1 kHz) determine the capacitive 
effects, and (c) the lower frequencies (< 5 Hz) determin-
ing Warburg impedance due to electrolyte–electrode ion 
diffusion process. The  RS value combines the electrolytic, 
electrode and contact resistance at the interface due to ionic 
diffusion. As expected, due to higher ionic conductivity of 
KOH electrolyte, the  RS value of  CuMn2O4 is lower (0.64 
Ω); and the electrode resistances were comparatively higher 
in the neutral electrolytes  (Li2SO4 and  Na2SO4), determined 
to be 1.35 Ω, and1.26 Ω, respectively.

The inset of the Nyquist plot shows the transformation 
of charge behaviour from higher to lower frequencies. The 
diameter of the small semicircle present in the EIS spectrum 
of  CuMn2O4 for all the three electrodes show the charge 
transfer resistance  (RCT).  RCT measures the resistance offered 
by the  CuMn2O4-electrolyte interface to the diffusion of 
electrolyte ions and is determined to be 1.12 Ω, 2.375 Ω, 
and 2.759 Ω, in 1 M KOH, 1 M  Li2SO4, and 1 M  Na2SO4, 
respectively. The straight line after the same circle shows 
the intermediate frequency region of the Nyquist plot and if 
the curve is more inclined towards the imaginary y-axis, it 

Fig. 6  EIS measurement of 
 CuMn2O4 nanofiber in 1 M 
KOH, 1 M  Li2SO4 and 1 M 
 Na2SO4, and its respective 
equivalent circuit deployed for 
fitting
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shows EDLC property or lower ion diffusion between elec-
trode–electrolyte surface. From the inset of Fig. 6, it can 
be determined that the inclination is more towards the real 
axis (x-axis) compared to the insets in Fig. 6. The change in 
charge-transport behaviour of the electrode towards different 
electrolyte system could be observed; for KOH the charge 
storage consists of more ion diffusion process, whereas 
in  Li2SO4 and  Na2SO4, the double layer formation domi-
nates the charge storage. Therefore, these two characteristic 
resistances from the Nyquist plot show variation in charge 
storage behaviour in  CuMn2O4 electrode. The intermediate 
frequency region of the Nyquist plot justifies the CV analy-
sis of involving diffusion process in charge storage process 
(Fig. 7a). This ion diffusion increased the Faradic reaction 
thereby increasing the redox process thereby showing redox 
peaks. The double layer charge storage process with  Li2SO4 
and  Na2SO4 electrolytes for  CuMn2O4 electrode is similar to 
the charge storage process in carbon electrodes [12] thereby 
validating our views on electrode–electrolyte system than an 
electrode material. Similarly, Fig. 7b show that KOH elec-
trolyte improved the charge storage process as the plateau 
from 0.35 to 0.5 V demonstrate the diffusion process at the 
intermediate frequencies as determined from EIS. Figure 6 
also consist of equivalent circuit of the charge storage pro-
cess showing the difference in charge storage process of 
 CuMn2O4 with electrolyte.

Conclusions

A ternary spinel cobaltite  (CuMn2O4) nanowire is electro-
chemically analysed for the determination of variation in 
charge storage process. It was determined that KOH elec-
trolyte-initiated diffusion-controlled charge storage process 
where as  Li2SO4 and  Na2SO4 electrolytes stored charges in 
electric double layer process. A maximum  CS of ~ 123 F  g−1 

@ 0.1 A  g−1 was obtained for the material in 1 M KOH 
electrolyte. The transformation of charge storage process 
from diffusion-controlled process involving faradic reaction 
as well as redox peaks to a double layer charge formation 
proves that charge storage is not only a material property. 
Thus, it is shown that the charge storage property of the 
material could change with the choice of electrolytes.
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