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Abstract 

CuMn2O4 (CMO) thin films are produced using a simple hydrothermal method. The influence of reaction duration 
on the electrodes’ electrochemical performance is investigated. XRD data shows improved crystal structure after 24-h 
reaction time, with a crystallite size of 12.17 nm. Distinct vibrational peaks associated with Cu–O and Mn–O are 
observed in the ATR-FTIR spectra, corroborating the spinel formation after 24 h. XPS analysis shows a compositional 
shift over time, starting with copper hydroxide at 12 h, evolving into a mix of copper and manganese oxides, hydrox-
ides, and oxyhydroxides by 18 h, and achieving the desired spinel composition by 24 h. Microscopic analysis reveals 
CMO is arranged as small sheet structures, with 4.95 ± 2.92 µm in length after 24-h reaction. The  CMO24h electrode 
displays a maximum specific capacitance of 1187.50  Fg−1 at a scan rate of 1  mVs−1 in 1 M  Na2SO4 electrolyte. The elec-
trochemical performance of the synthesized CMO electrodes reveals a high potential for energy storage applications.
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Introduction
Energy storage systems have emerged as a central focus 
of research and development, attracting significant atten-
tion for their indispensable role in diverse applications. 
The quest for effective energy storage solutions has led 

to the investigation of various technologies, including 
supercapacitors (SCs). SCs have garnered significant 
attention due to their quick rechargeability, superior 
power density relative to batteries, and enhanced stor-
age capacity compared to conventional capacitors (Lu 
et al. 2017). In addition to combining the qualities of both 
traditional capacitors and batteries, SCs have a promis-
ing energy storage capacity. Electrochemical superca-
pacitors are grouped into three types based on how they 
store charges: hybrid capacitors, electrical double-layer 
capacitors (EDLCs), and pseudocapacitors (Forouzan-
deh et al. 2020). In contrast to the active electrodes found 
in EDLCs, which are made of carbon-based materials 
like activated carbon, graphene, and carbon nanotubes, 
pseudocapacitors are made of conducting polymers and 
different metal oxides. Another kind of SC is a hybrid 
capacitor, which combines EDLCs and pseudocapacitors 
(Miller et  al. 2018). The active electrode materials used 
to build these kinds of SCs are created by fusing two or 
three different elements, giving them a much higher spe-
cific capacitance and greater energy density than EDLCs 
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or pseudocapacitors (Chen et al. 2014). The limited lifes-
pan in cyclic performance of conductive polymers, along 
with the relatively lower capacitance exhibited by car-
bon-based materials and the higher cost associated with 
typical noble metal oxides (e.g., ruthenium oxide,  RuO2), 
continue to pose significant challenges for all types of SCs 
(Borenstein et  al. 2017; Yadav and Sharma 2021).  RuO2 
is a promising material due to its excellent cycle stability 
and suitable specific capacitance, but ruthenium’s scarcity 
and exorbitant prices are major drawbacks (Majumdar 
et  al. 2019). Overcoming these limitations necessitates 
research into alternative materials for supercapacitor 
production (Soudan et  al. 2002). Metal oxides, includ-
ing mixed transition metal oxides (MTMOs), emerge as a 
promising alternative. These compounds are favored over 
single transition metal oxide components and exhibit 
enhanced chemical stability and superior electrochemical 
properties when utilized as electrode materials for super-
capacitors. Moreover, they have showcased electrochem-
ical performance on par with or surpassing  RuO2 (Yuan 
et  al. 2014). In recent times, there has been significant 
research on various compounds, including metal oxides, 
metal sulfides, and binary transition metal oxides char-
acterized by spinel structures like  CoMn2O4 (Bhagwan 
et  al. 2021; Aouini et  al. 2022),  ZnMn2O4 (Aouini et  al. 
2022), and  CuMn2O4 (Cheng et al. 2022), and other types 
of electrode materials have gained prominence in super-
capacitor research due to their notably high theoretical 
specific capacitance (Deka 2023). Within this category of 
oxides, considerable research has focused on manganese-
based binary oxides, establishing them as prominent 
electrode materials. Manganese boasts several advanta-
geous traits, including its low toxicity, widespread avail-
ability, multiple valences, and cost-effectiveness (Zhang 
et al. 2015; Dessie et al. 2019).

A few of the many applications for  CuMn2O4 include 
photocatalysts (Aouini et al. 2022), lithium-ion batteries 
(Li et  al. 2018), sensors (Cui et  al. 2022), supercapaci-
tors (Cheng et  al. 2022; Zhang et  al. 2021; Sheikhzadeh 
and Sanjabi 2021), and others (Gao et al. 2021; Guo et al. 
2018; Ranjbar-Nouri et  al. 2018). It can be produced 
through diverse methods, such as hydrothermal synthe-
sis (Li et al. 2018), solid-state reaction (Vinod et al. 2018), 
sol–gel techniques (Wan et al. 2021), thermal decompo-
sition (Afriani et al. 2018), spray pyrolysis (McCloy et al. 
2012), reflux methods (Li et  al. 2018), co-melting tech-
nique (Parida et  al. 2016), and co-precipitation (John 
et al. 2019). Among the various nanostructure synthesis 
techniques, the hydrothermal approach is recognized 
for its capacity to create metal oxide nanoparticles. This 
method is known to yield nanoparticles with a stable 
microstructure and consistent composition at a cost-
effective rate (Yang and Park 2019). Metal oxides like 

 CoMn2O4 (Nassar and Abdallah 2016),  NiCo2O4 (Liu 
et  al. 2013),  NiFe2O4 (Zhou et  al. 2005), and  CuMn2O4 
have all been produced hydrothermally.

To the best of the authors’ knowledge, this work 
reports for the first time an investigation into the impact 
of hydrothermal reaction duration on the structural, 
morphological, and electrochemical properties of syn-
thesized  CuMn2O4 (CMO) samples. The CMO thin 
films were produced over stainless steel mesh (SSM) 
through a simple, one-step hydrothermal process. Dur-
ing the synthesis, various reaction times (6, 12, 18, and 
24 h) were employed to create distinct CMO electrodes. 
The electrochemical performance of these electrodes was 
then systematically evaluated in a  Na2SO4 electrolyte to 
assess their potential as electrodes for energy storage 
applications.

Methods
Materials synthesis
All the required chemicals were obtained from Sigma-
Aldrich for the synthesis. The method utilized in this 
process was hydrothermal synthesis, enabling the depo-
sition of CMO spinels directly onto a stainless steel 
mesh (SSM). These SSM substrates, characterized by a 
wire diameter of 35 µm and an opening width of 45 µm, 
underwent precision cutting into rectangular segments 
measuring 2 × 5  cm2. Subsequently, they were immersed 
in hydrochloric acid, subjected to a sequential cleaning 
process involving 10 min of treatment in an ultrasonic 
cleaner using a combination of acetone and ethanol, and 
finally rinsed with distilled water.

For sample preparation, aqueous solutions containing 
0.075-M tetrahydrate copper chloride (II) and 0.15-M 
tetrahydrate manganese chloride (II)  (MnCl2.4H2O) 
were formulated. These compounds were dissolved in 20 
mL of distilled water in a 1:2 molar ratio while undergo-
ing magnetic stirring at 800 rpm for 40 min. The result-
ing solution was titrated with 5-M sodium hydroxide 
(NaOH) until reaching a pH of 10. The reaction mixture 
was transferred to a Teflon-coated stainless steel auto-
clave and held at 180 °C for varying durations of 6, 12, 
18, and 24 h. Subsequently, the coated substrate was 
delicately removed from the container and washed with 
distilled water. Finally, the SSM coated with the deposit 
underwent heating in a muffle furnace at 400 °C for 2 h 
under an air atmosphere.

Materials characterization
X-ray diffraction (XRD) measurements were con-
ducted at room temperature utilizing CuKα radiation 
(k = 1.541 Å) and a Bruker system D8 advance X-ray dif-
fractometer procured from Bruker Inc., headquartered 
in Billerica, MA, USA. The attenuated total reflection 
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— Fourier transform-infrared spectroscopy (ATR-
FTIR) analysis was performed using a PerkinElmer 
Spectrum two FTIR spectrometer from Perkin Elmer 
Inc. in Waltham, MA, USA, equipped with a UATR-2 
accessory. Spectral data were collected by conduct-
ing 32 scans at a resolution of 4  cm−1 in the transmis-
sion mode using PerkinElmer Spectrum IR software, 
all undertaken under typical room temperature condi-
tions. A Kratos XSAM800 double anode spectrometer 
(Kratos Analytical Ltd., Manchester, UK) was used to 
conduct X-ray photoelectron spectroscopy (XPS). Both 
X-ray sources give rise to spectral superpositions: with 
Al Kα, Mn 2p, and Cu 2p are overlapping (at least par-
tially) Cu LMM and Mn LMM, respectively; with Mg 
Kα, only Mn 2p has some degree of superposition with 
Mn LMM, and Cu 2p region does not coincide with 
any other relevant spectral feature. Therefore, the Mg 
Kα source  (hν = 1253.6 eV) was selected to irradiate 
the CMO samples. Additional operating conditions 
and data treatment details were published elsewhere 
(Aouini et  al. 2022). The morphological analysis using 
scanning electron microscopy with energy-disper-
sive X-ray spectroscopy (SEM–EDS) involved utiliz-
ing a Hitachi S-2400 model by Hitachi Inc. in Tokyo, 
Japan, along with a Bruker light elements EDS detector 
from Bruker Inc. in Billerica, MA, USA. This analy-
sis employed a focused electron beam operating at an 
energy level of 25 keV.

Electrochemical measurements
The electrodes’ electrochemical properties were exam-
ined in a conventional three-electrode system using 
Squidstat Plus, an electrochemical workstation provided 
by Admiral Instruments (USA). The electrolyte was 1 M 
 Na2SO4. The experimental setup involved utilizing the 
synthesized CMO materials as the working electrode, a 
platinum mesh as the counter electrode, and a HI5412 
saturated calomel electrode (SCE, Hanna Instruments) as 
the reference. Electrochemical impedance spectroscopy 
(EIS) results were analyzed and fitted with ZView soft-
ware from Scribner LLC (Southern Pines, NC, USA).

Results and discussion
Structural and morphological characterization
Structural study by X‑ray diffraction (XRD)
The XRD diagrams in Fig. 1a illustrate the samples pro-
duced at varying hydrothermal duration from 6 to 24 h. 
The 6-h sample exhibited an amorphous nature and was 
excluded from further analysis. The 12-h and 18-h sam-
ples displayed a tetragonal crystal structure. Their lat-
tice parameters were determined to be (a = b = 6.226 Å, 
c = 18.155 Å) and (a = b = 8.903 Å, c = 7.836 Å), respec-
tively, which is consistent with standard reference cards 
(JCPDS 96–591-0242) for a tetragonal crystal system 
with space group I41/amd. The increase in reaction time 
to 24 h induced a crucial phase transition from tetrago-
nal to cubic (matching cubic CMO reference: JCPDS 

Fig. 1 a XRD patterns of CMO spinels on an SSM substrate acquired at varying hydrothermal durations from 6 to 24 h and b ATR-FTIR spectra 
of CMO spinels acquired at varying hydrothermal durations from 12 to 24 h
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01–076-2296, space group Fd̅3m with a lattice constant 
of 8.300 Å), though a minor  Mn3O4 secondary phase was 
also present. Based on the primary diffraction peaks, the 
average crystallite size for the 24-h sample was 12.17 nm 
by using the Scherrer equation (Eq. 1) (Scherrer 1918).

where D is the crystallite size, β is the FWHM in radians, 
λ = 0.15406 nm is the wavelength of the X-rays, θ is the 
Bragg angle, and K is the shape factor.

Microstrain (ε) and dislocation density (δ) were deter-
mined from Eqs. 2 and 3 (Williamson and Hall 1953).

The analysis targeted the most prominent peak associ-
ated with the (311) plane, at a 2θ of 35.840° and a β-value 
of 0.488. A dislocation density of 8.140 ×  1015  m−2 and 
micro-deformation of 0.169 were determined, in agree-
ment with previous studies conducted on CMO (Parida 
et al. 2016; John et al. 2019).

ATR‑FTIR spectroscopic analysis
The chemical bonding within the CMO structures was 
examined using ATR-FTIR spectroscopy (Fig. 1b), cover-
ing the 1200 to 400  cm−1 range for the synthesized sam-
ples at 12 h, 18 h, and 24 h. The spectra revealed a broad 
absorption band (733–1213  cm−1) related to Mn–O–OH 
bond vibrations, losing strength with extended reaction 
time. Two consistent and broad bands (450–700  cm−1) 
related to M–O (M = Cu or Mn) lattice vibrations were 
observed (Li et al. 2021; Ashourdan et al. 2021). Notably, 
the position of the Cu–O stretching vibration band (~ 600 
 cm−1) did not shift across the reaction duration. How-
ever, the band exhibited a higher intensity at 24 h. For the 
Mn–O vibrational stretching modes, a clear distinction 
is observed in the positions of the bands:  CMO12h and 
 CMO18h exhibited two bands at ~ 500 and ~ 520  cm−1, 
while  CMO24h presented a broader band at ~ 440  cm−1. 
This shift towards lower wavenumbers in vibrational 
frequency is reasonably attributed to alterations in the 
manganese chemical structure, accompanied by corre-
sponding crystallographic changes from a tetragonal to a 
cubic lattice structure, as evidenced by the XRD analysis.

Surface study by XPS
The XPS spectra are depicted in Fig. 2. The wide spectra 
(Fig. 2a) indicate the presence of Mn, Cu, and O, as well 

(1)D =
K�

βcosθ

(2)βcosθ =
K�

D
+ 4εsinθ

(3)δ =
1

D2

as C, without other impurities. The overall quantification 
is shown in Table 1, along with the experimental Mn/Cu 
and  Ometal/Cu atomic ratios.

The main component of the Cu 2p doublet (Fig. 2b) was 
fitted with three primary peaks positioned at 930.7 ± 0.1 
eV, 933.1 ± 0.3 eV, and 934.4 ± 0.3 eV. The Auger param-
eter (AP) (Cu  2p3/2,  L3M45M45) = 1848.3 ± 0.2 eV indi-
cates that the peak centered at low-binding energy (BE) is 
assigned to Cu(I); the peak centered at 933.1 eV is attrib-
uted to Cu(II) oxide, as evidenced by the multiplet struc-
ture, detected roughly between 938 and 946 eV (Marques 
et  al. 2008),and the peak at 934.4 eV is generally attrib-
uted to Cu(II) hydroxides (Marques et al. 2008).

Mn  2p3/2 region (Fig.  2c) was fitted with three main 
peaks, with the most intense centered at 641.3 ± 0.5 eV 
assigned to Mn(III). This oxidation state was further sup-
ported by the average distance (Δ = 5.5 ± 0.2 eV) between 
the Mn 3s photoelectron peak (~ 84 eV) and its multiplet 
(~ 89.6 eV) in 18-h and 24-h samples. Such a difference 
has been associated with manganese oxyhydroxide (Ilton 
et al. 2016). As observed for other Mn-based binary oxide 
spinel structures (Aouini et al. 2022; Aouini et al. 2023), 
the XPS Mn 2p region also revealed a peak at higher 
binding energy (643.0 ± 0.6 eV) assigned to Mn(IV), likely 
mixed with Mn in higher oxidation states. In the  CMO24h 
Mn  2p3/2 region, a fourth peak at 640.2 ± 0.1 eV was 
attributed to Mn(II), possibly indicating the presence of 
the secondary phase of  Mn3O4, which corroborates the 
findings of the XRD analysis.

Moreover, from the analysis of both Cu 2p and Mn 
2p regions, it is interesting to note that the detection 
of Cu(I) for longer times of synthesis seems to result 
from the reduction of part of the copper existing at the 
extreme surface with concomitant manganese oxida-
tion. The increasing intensity of the Cu(I) peak follows 
the increase of the intensity of the Mn  2p3/2 at 645.5 eV, 
assigned to Mn(VII) (Biesinger et al. 2011). The inset in 
Fig. 2c shows the increasing chemical shift resulting from 
the oxidation of a fraction of Mn(III). These observations 
are compatible with the presence of Cu(I)Mn(VII)O4 and 
Cu(I)Mn(III)Mn(IV)O4 at the surface. Clearly, the XPS 
overall results indicate mixed valences for Cu and Mn 
species in the synthesized CMO, consistent with spinel-
like characteristics.

The O 1s region in Fig.  2d exhibited two fitted peaks 
at 529.8 ± 0.1 eV and 531.2 ± 0.1 eV, assigned to oxygen in 
the  O2− spinel structure and oxygen from metal hydrox-
ides, respectively. Peaks with higher binding energy in the 
O 1s region correspond to oxidized carbonaceous groups 
(Hantsche 1993). In the C 1s region (Fig. 2e), three identi-
fied peaks at 285.0 ± 0.1 eV, 286.6 ± 0.1 eV, and 288.6 ± 0.1 
eV correspond to C–C or C–H  sp3, C–O, and O–C = O, 
respectively.
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Fig. 2 a Survey XPS spectra of CMO spinels acquired at varying hydrothermal method durations from 12 to 24 h and XPS regions of b Cu  2p3/2, c 
Mn  2p3/2, d O 1s, and e C 1s of CMO spinels acquired at varying hydrothermal durations from 12 to 24 h. Peaks fitted in Cu 2p multiplet region are 
not included for clarity’s sake. The inset in Mn  2p3/2 shows the peak shift towards higher BEs due to Mn oxidation from 18 to 24 h. The black line 
is the spectra difference [Mn  2p(24 h)–Mn  2p(18 h)], obtained after background subtraction and spectra normalization to the area of the  CMO18h
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In the predicted CMO spinel structure, Mn/Cu is 
expected to be close to 2. However, the experimen-
tal Mn/Cu atomic ratios in Table  1 show a Mn/Cu < 1 
for  CMO12h, indicating a surface Mn depletion, while 
 CMO18h exhibits Mn/Cu >  > 2, indicating a Mn excess. 
The  CMO12h spectrum notably differs from other sam-
ples (Fig.  2a), suggesting a surface primarily composed 
of copper hydroxides, indicated by prominent peaks in 
Cu  2p3/2 (most intense peak at 934.9 eV) and O 1 s (most 
intense peak at 531.3 eV) regions.  CMO12h also contains 
a residual amount of chlorine (1 at.%, not included in 
Table  1 quantification), likely from unreacted precur-
sor. After 18  h of hydrothermal treatment, the surface 
composition shifts, with copper hydroxides no longer 
predominant, replaced by a mixture of copper and man-
ganese oxides and oxyhydroxides. The Mn/Cu = 4.5 in 
 CMO18h may result from varying attenuation effects 
induced by the carbon overlayer. Mn 2p photoelectrons, 
having higher kinetic energy than Cu 2p photoelectrons, 
are more attenuated, leading to these observed ratios. 
 CMO24h, with slightly less carbon or a different sur-
face distribution, approaches atomic ratios found in the 
 CuMn2O4 spinel structure, consistent with the preceding 
XRD analysis.

Morphological study by SEM–EDS
Figure  3 depicts the morphology of CMO samples pre-
pared at different reaction durations, ranging from 12 to 
24 h. SEM images of the 12-h sample reveal irregular, flat 
sheet-like nanostructures on the substrate, with varying 
sizes and shapes. A nonuniform structure is also present. 
The 18-h sample exhibits a similar morphology, charac-
terized by a partially nonuniform structure and microflat 
sheets. These observations align with XPS and ATR-FTIR 
analyses, indicating the presence of hydroxides and oxy-
hydroxides at 12 and 18 h.

For the 24-h sample, a sheet-like structure with a 
larger particle size is observed. The reduction of the 

nonuniform structures in the  CMO24h sample is likely 
due to the decrease of hydroxides and carbon in the 
material, coupled with the formation of the desired 
cubic spinel structure. XRD and ATR-FTIR analyses 
corroborate this transformation, showing the transi-
tion to a cubic structure during the 24-h hydrothermal 
treatment.

The average particle dimensions were obtained from 
Fig.  3 utilizing ImageJ software. The microsheets of the 
 CMO24h sample had an average length of 4.59 ± 2.92 µm. 
Figure 3d, h, and l presents the EDS spectra of the synthe-
sized samples, confirming the presence of Cu, Mn, and O 
in all three samples. Ni, Fe, and Cr were also detected in 
low concentrations, originating from the stainless steel 
mesh (SSM). Chloride was also identified in the 12-h 
sample, possibly due to unreacted precursors, consistent 
with the XPS analysis findings. The EDS analysis reveals 
elemental ratios, with Mn/Cu values of 0.93, 2.41, and 
1.75 for the 12-h, 18-h, and 24-h samples, respectively. 
Based on these findings, it is evident that the duration 
of the hydrothermal process plays a crucial role in form-
ing the CMO structure. Longer reaction times allow for 
improved crystal growth and organization, leading to the 
development of the predicted spinel structure with well-
defined sheet morphology.

Electrochemical characterization
Capacitance measurements
The electrochemical performance and specific capaci-
tance of CMO electrodes were determined using cyclic 
voltammetry (CV) characterization. The cyclic voltam-
metry curves of CMO produced at 12 h, 18 h, and 24 h, 
shown in Fig.  4, were measured at different scan rates 
ranging from 1 to 100  mV   s−1 within a constant poten-
tial window ranging from 0.2 to 0.6 V. The shape of CV 
curves shows a quasi-rectangular shape, revealing the 
capacitive behavior of the material (Kavinkumar et  al. 
2019). The symmetrical shape of the curve implies that 
the system exhibits good electrochemical reversibility. It 
suggests that the charge transfer occurs equally efficiently 
in both directions during the electrochemical process 
(Ray et  al. 2019). Increasing scan rates lead to a corre-
sponding increase in current density, while the shape of 
the CV curves remains consistent. This behavior indi-
cates that the material retains good stability and demon-
strates positive electrochemical performance (Du et  al. 
2009). Additionally, Fig. 4 shows a significant rise in the 
currents from the CVs of  CMO12h to those of  CMO18h, 
followed by an outstanding increase for  CMO24h, with 
the currents almost doubling their value.

The integral of the cyclic voltammetry curves was 
employed to calculate the system’s capacitance,  Cs, fol-
lowing Eq. 4:

Table 1 Atomic concentrations (at.%) and atomic ratios in the 
synthesized CMO spinels. “Ometal” only includes oxygen bonded 
to manganese and copper (oxides and hydroxides)

12 h 18 h 24 h

at.%
 C 38.8 35.1 32.3

 O 48.0 47.2 47.3

 Cu 9.5 3.2 6.9

 Mn 3.7 14.5 13.5

Atomic ratios
 Mn/Cu 0.4 4.5 1.9

  Ometal/Cu 2.6 10.3 4.6
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where the numerator of the equation represents the 
total area under the CV curve, ΔV is the selected poten-
tial window (V), ν is the scan rate (mV  s−1), and m is the 
active material mass (g).

Table  2 shows how specific capacitance changes with 
different hydrothermal reaction durations. The capaci-
tance increased from 540.15 F  g−1 for the  CMO12h sam-
ple to 551.19 F  g−1 for the  CMO18h sample. The CMO 
synthesized for 24 h exhibited the highest specific capaci-
tance, reaching a value of 1181.50 F  g−1. Increasing the 

(4)Cs =
IdV

2mν�V

reaction duration to 24 h reduces the amount of amor-
phous particles, leading to improved capacitance due 
to the formation of the predicted spinel structure. The 
purity of the material thus influences the changes in 
specific capacitance with the hydrothermal reaction 
duration. The highest capacitance for each material was 
obtained at a scan rate of 1 mV  s−1. However, ions have 
ample time to diffuse throughout the electrode pores 
at slower scan rates, enabling complete insertion reac-
tions and maximizing capacitance. However, as scan 
rates increase, the interaction time between ions and 

Fig. 3 SEM images of CMO spinels acquired during a, b, c 12 h, e, f, g 18 h, and i, j, k 24 h and the corresponding EDS spectra showing Cu, Mn, 
and O in CMO spinels obtained during d 12 h, h 18 h, and l 24 h

Fig. 4 The impact of scan rate (1–100 mV  s−1) on the cyclic voltammetry (CV) curves of CMO spinels synthesized at a 12 h, b 18 h, and c 24 h
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the electrode surface is limited, resulting in incomplete 
insertion and decreased measured capacitance (Aouini 
et al. 2022).

Galvanostatic cycling
To better understand the capacitive nature of the synthe-
sized CMO particles, galvanostatic cycling studies were 
also carried out at different specific currents (5, 6, 7, 8, 
9 A  g−1) in a potential window from 0.2 to 0.6 V (Fig. 5). 
From Fig. 5a, b, and c, it is noticeable that the discharge 
duration is lower than the charge time in the galvano-
static charge/discharge (GCD) curves obtained at a low 
specific current (5 A  g−1) because of the slow diffusion 
of electrolyte ions within the spinel; therefore, it takes a 
long time to activate all components (Saravanakumar 
et  al. 2017). Comparing the three synthesized samples 
(Fig. 5d), it is clear that  CMO24h has the longest discharge 
time.

The estimated specific capacitance,  Cs, of the three 
synthesized CMO samples may also be calculated from 
Eq. 5, where I is the current in amperes and Δt is the dis-
charge time in seconds. Figure 5e and Table 3 show the 
obtained results.

The comparative analysis of specific capacitance across 
materials synthesized at 12, 18, and 24 h reveals that 
an extended hydrothermal duration results in superior 
capacitance. The 24-h sample reached a specific capaci-
tance of 1011.87 F  g−1 at a specific current of 5 A  g−1. This 

(5)Cs =
I�t

m�V

Table 2 Specific capacitance of CMO spinels measured at 
various scan rates

Specific capacitance (F g−1)

Scan rate (mV s−1) 12 h 18 h 24 h

1 540.15 551.19 1181.5

2 477.09 307.92 1003.4

5 409.32 451.04 944.33

10 372.09 424.70 905.30

15 358.98 422.50 826.80

20 344.81 414.36 786.25

25 338.31 407.33 736.99

30 326.48 394.53 697.86

40 306.41 377.75 679.79

50 286.26 359.59 664.09

60 274.87 346.01 640.10

70 263.10 335.37 624.03

80 254.03 326.14 615.53

90 246.53 317.66 604.37

100 238.59 310.91 593.39

Fig. 5 Effect of specific current on GCD curves for CMO spinels obtained at a 12 h, b 18 h, and c 24 h. d GCD curves at 5 A  g−1 for CMO spinels (12 
h, 18 h, 24 h) and bare SSM. e Specific capacitance variation in CMO spinels vs. specific current
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observation aligns with CV results obtained at 1 mV  s−1. 
The enhanced capacitance is attributed to the controlled 
and uniform morphology of CMO particles formed dur-
ing the prolonged hydrothermal process.

Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) was 
performed on the CMO particles in an AC field (10 
mV) applied with a frequency ranging from 1000 kHz 
to 1 Hz. Generally, in supercapacitors, the stand-
ard EIS response typically manifests as a semicircular 
curve due to the impedance of the series resistance and 
charge transfer, along with a Warburg resistance in the 

low-frequency range (Sheikhzadeh and Sanjabi 2021). 
Figure 6 shows the EIS study for  CMO12h,  CMO18h, and 
 CMO24h, revealing distinct charge transfer resistances, 
represented as  Rct. These variations in  Rct values can 
be attributed to differences in morphology, as evident 
from the SEM micrographs, and the contrasting crystal 
structures, as elucidated by XRD analyses.

The  Rct values of the materials produced for 12, 18, 
and 24 h are 92.7, 6.14, and 5.83 Ω, respectively. The 
 CMO24h sample displays a significantly lower  Rct value.

An equivalent circuit model has been constructed 
based on the experimental results, illustrated in Fig. 6c. 
This model integrates essential elements, such as the 
series resistance,  Rs, charge transfer resistance,  Rct, and 
the constant phase element, CPE, Warburg diffusion 
resistance, W. The values of each parameter obtained 
from the fitting of the three samples’ Nyquist plots can 
be seen in Table  4. The double-layer capacitance,  Cdl, 
was determined using Eq. 6:

where Zimg represents the imaginary part of the imped-
ance. Figure  6d shows the  Cdl vs. frequency curve. The 
comparison of the three materials shows that the sample 
product at 24 h has the highest double-layer capacitance.

(6)Cdl =
1

2πZimgm

Table 3 Specific capacitance of CMO spinels measured at 
different current densities from GCD plots

Specific capacitance (F g−1)

Current (A g−1) 12 h 18 h 24 h

5 123.97 264.4 1011.9

6 77.55 145 405.01

7 50 83.12 218.75

8 33.67 56.25 135.94

9 22.95 34.37 85.94

Fig. 6 a Nyquist plots for CMO spinels at 12, 18, and 24 h, b high-frequency region zoomed-in Nyquist plots, c equivalent circuit model, and d 
specific double-layer capacitance plots for CMO spinels generated at 12 h, 18 h, and 24 h vs. frequency
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Conclusions
This work explored the influence of hydrothermal reac-
tion duration on the physicochemical, morphologi-
cal, and electrochemical characteristics of synthesized 
spinel manganites. The XRD data confirmed improved 
crystallinity after 24 h of reaction time, yielding a crys-
tallite size of 12.17 nm. The ATR-FTIR spectra exhibit 
distinctive vibrational peaks characteristic of the spinel 
phase. XPS shows that the surface composition evolves 
with the treatment time, being a mixture of copper and 
manganese oxides, hydroxides, and/or oxyhydroxides 
at lower hydrothermal reaction durations. After 24 h 
of hydrothermal treatment, the predominant metal 
oxidation states Cu(II) and Mn(III) coexist with Cu(I), 
Mn(IV), and Mn(VII), indicating surface-level reduc-
tion of copper and oxidation of manganese. The experi-
mental XPS atomic ratios attest that the CMO spinel 
stoichiometry is reached for the  CMO24h sample. CMO 
spinels were presented as microsheets with a length of 
4.95 ± 2.92 µm after 24 h of hydrothermal process. EDS 
showed Mn/Cu and O/Cu ratios consistent with theo-
retical stoichiometric values. The electrochemical eval-
uation of the produced materials confirms that  CMO24h 
exhibits the highest specific capacitance, confirming its 
best energy storage features. These results are in good 
agreement with the assessed structural and morpho-
logical properties. The results indicate that the 24-h 
copper spinel manganites are promising energy storage 
materials, as evidenced by the electrochemical results.
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