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Abstract 

Recently, numerous synthesis methods have been developed for the preparation of 
nanostructured materials for supercapacitor applications, and top-down strategies have 
gained increasing attention due to their relative simplicity and reduced processing 
complexity. In particular, the combustion method is recognized as one of the simplest and 
most rapid approaches for producing a wide range of materials. Within this study, the 
combustion of Cu48Zr47Al5 amorphous ribbons was employed, and the supercapacitor 
electrodes based on Cu-Cu2O/ZrO2 mixed oxide were developed. The morpho-structural 
properties of the materials were investigated by X-ray diffraction (XRD) and scanning 
electron microscopy (SEM), and the electrochemical performance, particularly for 
supercapacitor applications, was evaluated by cyclic voltammetry (CV) and galvanostatic 
charge–discharge (GCD) measurements. The CV curves indicate that the Cu–Cu2O/ZrO2 
mixed oxide structure acts as a positive electrode and exhibits a non-rectangular shape, 
confirming pseudocapacitive behavior of the as-synthesized material. A maximum areal 
specific capacitance of 472.7 mF cm−2 was obtained at a scan rate of 5 mV s−1. From GCD 
analysis, an areal specific capacitance of 336.5 mF cm−2 was achieved at a current density 
of 1 mA cm−2. Cycling stability was evaluated over 1000 charge–discharge cycles, showing 
an increase in capacitance to 135.14% after the 1000th cycle, attributed to the progressive 
activation of the electrode material. This study highlights the potential of Cu–Cu2O/ZrO2 
mixed oxides prepared via self-sustained combustion as efficient and durable electrode 
materials for supercapacitors. The findings provide a starting point for the future 
optimization of amorphous alloys for the synthesis of mixed-oxide materials through a 
scalable fabrication process, paving the way for advanced energy storage applications. 
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1. Introduction 
In recent years, to address climate change and global warming, the research 

community has prioritized the development of renewable and sustainable energy 
storage technologies, due to the fact that energy consumption is becoming increasingly 
prevalent in all aspects of life. Among non-conventional devices, supercapacitors, 
batteries and fuel cells are most widely used in electric vehicles and electronic devices, 
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in which through electrochemical reactions the chemical energy is converted into 
electrical energy [1]. The increasing demand for supercapacitors (SCs), also known as 
electrochemical capacitors, is highlighted by their fast charge–discharge rate, greater 
stability, high specific power, high capacitance, and a long cycle life. Another important 
role for fabrication of SCs is played by the electrode material, that should possess large 
specific surface area, environmental compatibility, and high conductivity. The 
performance of SCs is primarily influenced by the kinetic characteristics and active surface 
area of the electrode materials; therefore, the choosing of the electrode materials with high 
electrical properties and good pore structure is very important [2]. Among material classes 
seen as adequate potential candidates for supercapacitor applications, transition metal 
oxides (TMO) [3–5], carbons [6,7], and MOFs [8] are well studied as electrode materials, 
with the pseudocapacitive nature of these materials being linked to rapid and reversible 
reactions at the material surface. 

Different metal oxides have been used as electrode material for fabrication of 
supercapacitors, such as NiO, ZnO, Fe2O3, TiO2, MnO2, RuO2, and Cu2O [1,9]. While these 
materials are promising in terms of energy density, there are some limitations for 
industrial usage because of their low conductivity, unstable volumetric transformation, 
and poor ion diffusion in the bulk phase [10]. Among them, CuO nanostructures have 
recently attracted high interest in the research community due to their low cost, non-
toxicity and easy synthesis of various nanostructures [11–13]. Generally, copper oxide has 
been investigated as single (CuO or Cu2O) or double (CuO-Cu2O) compounds highly 
significant in environmental application, energies, catalysis, batteries and supercapacitors 
[14]. The excellent physico-chemical properties together with the low cost and simple 
synthesis methods, make CuO-Cu2O structures a great candidate for supercapacitors. 
Kumar et al. obtained CuO-Cu2O nanoscrubbers by a simple chemical method and 
evaluated the electrode for high-performance pseudo-supercapacitors applications, being 
highly stable for 2000 cycles at 2 A g−1 [14]. Zhou et al. reported design and fabrication of 
the CuO/Cu2O@NiCo2S4 core–shell nanostructures for electrode materials, exhibiting 
ultrahigh specific capacitance and a high-rate performance for supercapacitor application 
[2]. Lately, many researchers have investigated positive effects from incorporating ZrO2 
in copper as a support or promotor. ZrO2, a metal oxide with excellent properties, such as 
high thermal stability, high corrosion resistance, and low light absorption, exhibits three 
crystalline phases under atmospheric pressure: monoclinic—the most stable [15], cubic 
and tetragonal [16,17]. In our previous work, Nicolaescu et al. reported a thermal 
oxidation of Cu48Zr47Al5 amorphous ribbons to form Cu-Zr mixed metal oxides for 
electrochemical application [18]. Thermal oxidation of amorphous ribbons is an 
interesting method for producing hetero-structure metal oxide, and can be successfully 
extended to other metallic alloys for synthesizing nanostructured metal oxides. Over time, 
different techniques such as sol–gel, hydrothermal, co-precipitation or impregnation, and 
combustion were applied to transform a metal oxide into another oxide. Among them, 
combustion synthesis is an efficient and homogenous method for the preparation of 
various metal oxides [19], which requires simple equipment and low-cost reagents, and 
reduces consumption of energy and time. Self-generating and exothermic reactions 
between metal salts and organic substances are typically involved in the combustion 
process [20]. Based on its advantages, the combustion method satisfies the demands of the 
green and sustainable modern industry, and recently some researchers have proposed a 
novel approach to expand this technique to the combustion of metal elements (rather than 
metal salts) in their solid amorphous phase, which results in nanostructured oxides [21]. 
The use of amorphous alloys in combustion synthesis highlights their ability to exploit 
metastability and compositional uniformity, enabling the formation of uniformly 
dispersed mixed oxides through self-propagating reactions. Li et al. reported the 
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combustion of CuZr amorphous ribbons to obtain ZrO2-containing copper oxides with 
enhanced catalytic properties, which can be theoretical applied to many other material 
systems to synthesize multifunctional nanomaterial [21]. Renuka et al. synthesized 
ZrO2/CuO nanocomposites by a facile combustion synthesis using oxalyl dihydrazide 
(ODH) as fuel [19]. 

In this study, we report the combustion synthesis of Cu48Zr47Al5 amorphous ribbons 
to obtain Cu–Cu2O/ZrO2 mixed oxides, which are explored for the first time as functional 
materials in energy storage applications as supercapacitor electrodes. 

2. Materials and Methods 
2.1. Fabrication of the Supercapacitor’s Electrodes 

The melt-spinning method was used to produce amorphous Cu48Zr47Al5 ribbons with 
continuous geometry and uniform dimensions, having a thickness of 25 μm and a width of 1.5 
mm. The detailed experimental procedure has been described in our previous work [18]. The 
combustion of the Cu48Zr47Al5 ribbons was carried out in an air atmosphere, and the self-
sustained combustion process is presented in the Supplementary Materials as Video S1. After 
combustion, the resulting products were ground in an agate mortar to obtain a rather 
homogeneous material. Supercapacitor electrode materials were achieved by blending the Cu-
Cu2O/ZrO2 mixed oxide (80 wt%) with carbon black (10 wt%) and polyvinylidene fluoride 
(PVDF, 10 wt%) in N-methylpyrrolidone to obtain a uniform slurry. The resulting mixture was 
then coated on to a stainless steel (SS) substrate with an area of 0.28 cm2 and dried at 70 °C. 

2.2. Electrode Characterization 

The structural characterization was carried out using X-ray diffraction (XRD) 
analysis with a PANalytical X’Pert PRO MPD diffractometer. Morphological 
investigations were performed using a Quanta FEG 250 FEI scanning electron microscope 
(SEM) equipped with an energy-dispersive X-ray (EDX) detector. Electrochemical 
measurements were conducted in a 1 M KOH supporting electrolyte using a conventional 
three-electrode cell configuration, consisting of an Ag/AgCl reference electrode, a Cu–
Cu2O/ZrO2 mixed oxide working electrode, and a platinum wire counter electrode. All 
electrochemical tests were performed using a PGSTAT 302 potentiostat/galvanostat 
(Metrohm Autolab B.V.). Cyclic voltammetry (CV), galvanostatic charge–discharge 
(GCD), and electrochemical impedance spectroscopy (EIS) analyses were employed for 
the electrochemical investigations. 

3. Results and Discussion 
Figure 1 shows the SEM morphological analysis of the as-synthesized Cu–Cu2O/ZrO2 

mixed oxide, obtained by the combustion method. Two different areas of the sample were 
studied, at different magnifications, to highlight the surface morphological features. In the 
first analyzed area (Figure 1a), a granular and rough structure can be observed, consisting 
of oxide particles arranged in randomly distributed agglomerates with various 
morphologies, including spherical and irregular shapes, as well as non-uniform particle 
sizes. During the combustion process, intense exothermic reactions occur, leading to the 
formation of rough structures composed of non-uniformly aggregated oxide particles. 
Furthermore, the differences between the properties of the resulting oxides, such as 
nucleation rate, or particle growth rates, may contribute to the development of distinct 
morphologies. In the second analyzed area (Figure 1b), another aspect of the course of the 
reactions during combustion was highlighted. From the images it can be seen that the 
material has a porous appearance, and island-like formations have formed, made up of 
oxide particles with irregular shapes. At the edges of these agglomerations, an uneven 
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granular texture can be observed, consisting of irregular particles. The formation of voids 
can be attributed to the evaporation of aluminum during the combustion reaction. The local 
temperature reached during combustion likely exceeded the evaporation temperature of 
aluminum, favoring its removal from the structure, as supported by XRD analysis. Figure 
S1 from Supplementary Materials presents the EDX spectrum, which confirms that Al has 
been completely removed from the matrix and is not present as a residual amorphous phase. 

 
(a) 

 
(b) 

Figure 1. SEM morphology of the as-synthesized material: (a) analyzed area zone 1; (b) analyzed 
area zone 2. 

The structural properties of the oxide materials obtained by the combustion method were 
investigated by XRD analysis and presented in Figure 2. The diffraction data exhibits sharp 
diffraction peaks, indicating the crystallization of the samples during the combustion process. 
Furthermore, the diffraction results reveal the presence of metallic Cu with a cubic crystal 
structure, corresponding to the (111), (020), and (022) crystallographic planes. During the 
combustion process, the mixed-oxide material was identified as consisting of polymorphic 
phases of ZrO2 together with a cuprous oxide (Cu2O) phase. ZrO2 is present in both the 
monoclinic phase (m-ZrO2, JCPDS card No. 00-036-0420) and the tetragonal phase (t-ZrO2, 
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JCPDS card No. 00-017-0923). These results are consistent with previous studies employing 
thermal oxidation as the synthesis method [18]. The cubic structure of Cu2O was identified 
according to JCPDS card No. 96-900-7498, indicating the subsequent oxidation of metallic Cu 
during the self-sustained combustion process. No diffraction peaks corresponding to the 
aluminum phase were detected, suggesting that the combustion temperature exceeded the 
evaporation temperature of aluminum. This assumption is further supported by the formation 
of holes observed in the SEM analysis. X. Li and co-workers reported that Cu60Zr40 amorphous 
alloys processed by the combustion method predominantly formed copper- and copper 
oxide-based materials together with monoclinic ZrO2. In contrast, the present study 
demonstrates that increasing the Zr content in the precursor alloy promotes the formation and 
dominance of zirconium oxide phases in the final combustion products [21]. 

 

Figure 2. X-ray patterns of the as-synthesized material. 

The electrochemical behavior of the Cu-Cu2O/ZrO2 electrode was investigated using 
the CV technique at different scan rates in 1M KOH supporting electrolyte, as shown in 
Figure 3a. A potential window of 0 to 0.6 V was selected in accordance with other studies. 
The electrode exhibited non-rectangular CV curves, indicating that the charge storage 
mechanism is governed by pseudocapacitive behavior in the electrode material [22]. 

The CV curves exhibit broad anodic and cathodic features rather than well-defined 
peaks, suggesting a predominantly capacitive behavior with possible contributions from 
surface redox processes involving the copper species (Cu0/Cu+/Cu2+). However, the absence of 
clearly resolved redox peaks suggests it is likely that electrochemical processes occur over a 
wide potential range. Such dispersion can be attributed to limited contact between the 
electrolyte and the electrochemically active surface which results in incomplete conversion of 
the copper oxide species [23].  

A similar argument is difficult to apply to the oxidation state of Zr4+ in zirconium, as 
no distinct redox peaks associated with the zirconium species are clearly visible [24]. We 
believe that ZrO2 plays an important synergistic role with the copper species by improving 
structural stability and preventing agglomeration, thereby leading to enhanced overall 
electrochemical performance. As reported in the literature, ZrO2-based composites exhibit 
enhanced capacitance retention and electrochemical durability [25,26]. 

Figure 3b presents the variation in areal specific capacitance (CSP) as a function of 
scan rate calculated according to Equation (1) [27]. 

CSP = ୅୩ୗ୼୚  (1)

where A—area under the curve; k—scan rate; S—area of the active material (cm2); and 
ΔV—potential window. 
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(a) 

(b) 

 
(c) 

Figure 3. Cyclic voltammograms recorded for Cu–Cu2O/ZrO2 electrode (a); plots of specific 
capacitance vs. potential scan rate of the electrode (b); the contribution ratio (%) of CEDLC vs CPC 
calculated from Trasatti method (c). 
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A gradual decrease in specific capacitance with increasing scan rate is observed, 
which is a typical behavior for supercapacitor electrodes. At low scan rates, electrolyte 
ions can fully access the active sites of the electrode, resulting in higher capacitance, while 
at higher scan rates the capacitance decreases due to limited ion diffusion [25,28]. The 
maximum CSP was 472.7 mF cm−2, obtained at a scan rate of 5 mV s−1, and it decreased 
linearly to 44.33 mF cm−2 at 100 mV s−1, corresponding to a retention rate of 9.37%. 

The Trasatti method was used to evaluate the surface-controlled charge component, 
associated with the electrical double-layer capacitance (CEDLC), and the diffusion-
controlled charge component, associated with pseudocapacitance (CPC). The calculations 
were performed using linear fitting, and the methodology has been described in detail in 
previous studies [27]. The plots of q versus ν−1/2 and 1/q versus ν1/2 for the Cu–Cu2O/ZrO2 
electrode are presented in Figure S2 of the Supplementary Materials. The calculated 
results indicate that CPC is the dominant contribution, accounting for 85.11% of the total 
charge storage, while CEDLC contributes 14.89%. These findings demonstrate that the 
diffusion-controlled charge component is the primary charge-storage mechanism in this 
material. 

The performance of the Cu-Cu2O/ZrO2 electrode presented in Figure 4a reveals the 
charge–discharge (GCD) curves plotted against time at a potential window of 0 to 0.5 V 
and different current densities 1, 2, 3, 4 and 5 m A cm−2 in 1M KOH supporting electrolyte. 
The GCD curves of the Cu–Cu2O/ZrO2 electrode exhibit quasi-linear profiles, indicating 
the contribution of Faradaic processes associated with pseudocapacitance and involving 
reversible redox reactions of the copper species, consistent with the CV analysis [23]. IR 
drop(ΔVIR) values of 0.2 V at 5 mA and 0.067 V at 1 mA show a linear dependence on 
current, confirming the ohmic nature of the voltage drop and indicating efficient 
electrode–electrolyte contact [29]. The internal resistance (RESR) of the electrode was 
estimated from the IR drop using Equation (2) [30]. R = ΔV୍ୖI  (2)

where R—internal resistance; ΔVIR—voltage drop; and I—the applied current. 
The calculated resistance remains nearly constant at approximately 40 Ω for current 

values between 2 and 5 mA, and presented a slight increase at 67 Ω for 1 mA current 
density. The slightly higher resistance observed at 1 mA can be attributed to polarization 
effects at the electrode–electrolyte interface at low current densities [31]. Figure 4b 
presents the variation in areal specific capacitance (CSP) as a function of current density 
calculated according to Equation (3) [27]. 

CSP = ୍ ୼୲୼୚ ୗ   (3)

where I—applied current (mA); Δt—discharge time (s); ΔV—discharge voltage (V); and 
S—area of the active material (cm2). 

A decline in the CsP at higher current densities is also observed. This can be attributed 
to the limited utilization of the active material, as electrolyte ions do not have sufficient 
time to fully penetrate the interior of the electrode [27,32]. The maximum CsP was 336.5 
mF cm−2, obtained at a current density of 1 mA cm−2, and decreased linearly to 203.54 mF 
cm−2 at 5 mA cm−2. A high retention rate of 60.47%, compared with the CV analysis, was 
observed, further confirming the pseudocapacitive behavior of the electrode material. 
Moreover, the areal Ragone plot of the Cu–Cu2O/ZrO2 electrode is presented in Figure 4c, 
and calculated from the GCD specific energy (E) versus the specific power (P) at different 
current densities according Equations (4) and (5) [27]. 

E = ቀ େ౏ౌ୼୚మଶ ቁ (4)
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P = 
୼୚୍ଶୗ   (5)

where CSP—specific capacitance; ΔV—discharge voltage; I—applied current; and S—area 
of the active material. 

 
(a) 

 
(b) 

(c) 

Figure 4. GCD analysis for Cu–Cu2O/ZrO2 electrode (a); specific capacitance vs. current density (b); 
areal Ragone plot (c). 

The electrode delivers a maximum areal energy density of approximately 0.032 m W 
h cm−2 at a low power density of 0.22 m W cm−2. With increasing power density up to 0.73 
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m W cm−2, the areal energy density gradually decreases to approximative 0.009 m W h 
cm−2, reflecting the typical energy–power trade-off of pseudocapacitive electrodes [33]. 

Figure 5 presents the Nyquist plots of the Cu–Cu2O/ZrO2 electrode in the fresh state 
(Figure 5a) and after stability testing (Figure 5b) in 1M KOH supporting electrolyte, both 
including the equivalent circuit inset. Three distinct regions are observed in terms of the 
frequency. The intercept at high frequencies on the Z′ axis represents the ohmic resistance 
(Rs), which shows a slight decrease from 18 Ω to 15.8 Ω after 1000 cycles, likely due to the 
decomposition of the insulating surface carbonates of the material during cycling [34]. In 
the middle-frequency region, the diameter of the semicircle corresponding to the charge 
transfer resistance (Rct) increases from 5.2 to 20.2 Ω after 1000 cycles. This increase is 
attributed to diffusion-limited ion transport during cycling [35,36]. In Figure 5a, an 
interfacial resistance (Ri) is also observed, which disappears upon cycling, indicating that 
electrolyte wetting and activation of previously inaccessible pores are required to achieve 
increased capacitance [37]. Furthermore, with cycling (Figure 5b), the semicircle 
diminishes and an extended Warburg region is formed, enhancing the overall capacitive 
behavior of the Cu–Cu2O/ZrO2 electrode. The activation of additional storage sites leads 
to higher capacitance at the expense of slower kinetics [24]. 

 
(a) 

(b) 

Figure 5. Nyquist plots of Cu-Cu2O/ZrO2 electrode: (a) fresh electrode: Insert: equivalent circuit; (b) 
electrode after 1000 cycles: Insert: equivalent circuit. 
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The cycling stability of the Cu–Cu2O/ZrO2 electrode over 1000 charge–discharge 
cycles was also evaluated (Figure 6). An initial increase in capacitance is observed during 
the first half of the cycling process, followed by a gradual decrease, although the 
capacitance remains higher than the initial value. Overall, after 1000 cycles, the electrode 
exhibits a positive capacitance retention of 135% [38]. This behavior is consistent with the 
electrochemical activation process evidenced by the EIS analysis (Figure 5). Furthermore, 
the increase in discharge time from 16 s to 27 s after 1000 cycles, together with the increase 
in IR drop, confirms that additional charge storage sites become accessible during cycling 
[39,40]. The increase in capacitance with cycling is consistent with other research studies. 
This can be attributed to progressive electrochemical activation. Initially, not all active 
sites are accessible, but repeated cycling improves ion penetration and activates more 
redox sites, leading to a higher effective capacitance [41]. During electrochemical 
activation, more ions penetrate through the channels and reach the electroactive inner 
Cu2O/ZrO2 inside the pockets and activate the inner Cu2O/ZrO2 layer of the composite 
[42]. In Table 1 are presented different structures based on oxide materials for 
supercapacitor applications in comparison with our work. 

 

Figure 6. Specific capacitance at 1000 cycles of the as-obtained Cu-Cu2O/ZrO2 electrode at a 
current density of 5 mA cm−2. 
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Table 1. Different structures of electrodes used for supercapacitor application. 

Electrode Material 
Synthesis 
Method Electrolyte 

Areal/Specific 
Capacitance 

Current 
Density 

Areal/Specific 
Capacitance 

Scan 
Rate 

Cycling 
Stability 

Cycles 
Number 

Energy Density/ 
Power Density 

Reference
s 

MnO2/CuO/ZrO2 Hydrothermal 1 M KOH  - 
−119.04 
mF/cm−2 5 mV/s−1 92.10% 5000 

0.081 mWhcm-2 / 1.3885 
mW cm -2  [43] 

NPC/Sn2P2O7/CuO Dealloying 1 M KOH 268.7 mF cm−2 
1 

mA cm−2 269.36 mF cm−2 5 mV/s−1 119.68% 500 
0.03768 mWhcm−2/ 

0.2648 mW cm−2 [27] 

CuO-Cu2O/copper 
foam 

Anodization 
method 5 M NaOH 1.23 F cm−2 2 mA cm−2 1.954 F cm−2 2 mV s−1 120% 5000 - [44] 

Cu2O/Cu Electrodeposition 1 M KOH 103.6 mF/cm−2 7 mA 
cm−2 128.6 mF cm−2 5 mV s−1 83.8% 5000 - [45] 

Cu/Cu2O/CuO (NW) Thermal 
oxidation 1 M KOH 21.198 

mF cm−2 
0.5 

mA cm−2 
26.158 

mF cm−2 5 mV s−1 110.35% 500 - [46] 

Cu-Cu2O/ZrO2 Self-sustained 
combustion 1 M KOH 336.5 mF cm−2 1 

mA cm−2 472.7 mF cm−2 5 mV s−1 135% 1000 0.032 m W h cm−2/ 
0.22 m W cm−2 

This 
works 
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4. Conclusions 
The combustion synthesis of the Cu48Zr47Al5 amorphous ribbons successfully 

produced a crystalline Cu–Cu2O/ZrO2 mixed oxide, also confirmed by the morpho-
structural analysis. From XRD we identified the presence of metallic Cu, Cu2O, and 
polymorphic ZrO2 phases, and the absence of aluminum-related peaks suggests its 
evaporation during the combustion process. This also supports the morphological 
analysis from SEM together with their surface morphology of as-synthesized materials. 
The electrochemical analysis demonstrates the pseudocapacitive behavior of the as-
synthesized material. The calculated areal specific capacitance, evaluated as a function of 
scan rate and current density, showed maximum values of 472.7 mF cm−2 at a scan rate of 
5 mV s−1 and 336.5 mF cm−2 at a current density of 1 mA cm−2. The EIS analysis of the fresh 
electrode and after 1000 cycles revealed changes in the resistance mechanisms occurring 
within the material. These results, in agreement with the cycling stability data, confirm an 
electrochemical activation process in which the increased capacitance arises from 
progressive pore wetting and surface activation, while diffusion limited kinetics after 
long-term cycling. 

Supplementary Materials: The following supporting information can be downloaded at 
https://www.mdpi.com/article/10.3390/batteries12070239/s1. Figure S1. EDX analysis of as 
synthesized Cu–Cu₂O/ZrO₂ sample; Figure S2. Trasatti plot for Cu–Cu₂O/ZrO₂ electrode; Video S1: 
Combustion process. 
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