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Abstract

Free-standing electrodes have attracted wide attention for advanced supercapacitors. Herein, 

direct deposition of CuMnO2 and CuMnO2-reduced graphene oxide (rGO) nanocomposite on 

nickel foam (NF) substrates was performed through a simple hydrothermal process. The 

simultaneous deposition makes full use of the synergistic effect formed by the large 

pseudocapacitance of CuMnO2 and excellent electrical conductivity of rGO, which results a greater 

performance improvement of the nanocomposite comparing with that of bare CuMnO2. 

Remarkably, the CuMnO2-rGO/NF electrode displays a large specific capacitance of 1727 F g-1 at 

3 A g-1 and manifests exceptional cycling stability with a retention ratio of 125% of the initial 

capacitance over consecutive 5000 cycles. Furthermore, a rGO/NF//CuMnO2-rGO/NF asymmetric 

supercapacitor exhibits great electrochemical performance by delivering high energy density (37.5 

Wh kg-1) and high power density (4250 W kg-1) as well as excellent cycling stability (3.3% decay 

after 4000 cycles). The presented results suggest that CuMnO2-rGO nanocomposite can be 

considered as a potential candidate for highly stable and high-rate supercapacitors.

Keywords: Free-standing electrode, nanocomposite, synergistic effect, asymmetric 

supercapacitors. 
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1. Introduction

Designing clean and sustainable energy storage devices is one of the key challenges to 

humankind in the industrial age. Supercapacitors are emerging as an ideal candidate because of 

their potentially high-impact characteristics including high power density, long cycle life, rapid 

recharging capability and high reliability. However, they cannot supply a high energy density for 

large-scale applications[1-5]. Therefore, exploring high-quality electrode materials with a high 

energy density for supercapacitors has become an ongoing challenge for researchers. In this regard, 

metal oxides are highly desirable for high-performance supercapacitors owing to their high 

capacitance [6-8]. However, it has been observed that the low stability and unsatisfactory electronic 

conductivity of metal oxides undermine their overall effectiveness to deliver high performance. 

Therefore, hybrid materials consisting of metal oxides and carbonaceous materials have been 

extensively developed to address these issues, which relies on the combination of the unique 

properties of each component, including high capacitance, large surface area, and good electrical 

conductivity. Among various carbonaceous materials, graphene nanosheets are an excellent 

backbone to hold metal oxides because of their extraordinary properties such as excellent electrical 

conductivity, high surface area, and outstanding structural stability [9-11]. Accordingly, graphene-

metal oxide composites have exhibited great rate capability and high reversibility [12, 13]. Ghosh 

et al. reported a specific capacitance of 928.43 F g-1 at 5 A g-1 for reduced graphene oxide 

(rGO)/BiFeO3[14]. A high specific capacitance of 1813 F g-1 at 2 A g-1 for Graphene-wrapped 

CuCo2O4
 was reported by Moosavifard et al [15]. Zhao et al. obtained a high specific capacitance 

of 1316 F g-1 at 5 A g-1 for Ni,Co−OH/rGO [16]. 

Recently, binary metal oxides have been intensively explored for energy storage applications, 

because they can deliver higher capacitive performance comparing with monometallic oxides, 

owing to richer redox reactions and a wider potential window [17-19]. A typical class of materials, 
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spinel-type manganese oxides (MMn2O4, M=Zn, Co, and Ni) [20-22], are of interest as active 

materials in supercapacitors due to extraordinary properties of manganese such as high theoretical 

capacitance, well-defined electrochemical redox activity, desired electrochemical performance and 

synergetic effect of manganese with M ions [20-25]. However, there has been rarely reported that 

MMnO2-type manganese oxides can be used for supercapacitors. Recently, Liu et al reported 

CuMnO2 nanoparticles as a new electrode material for symmetric supercapacitor [26], but the non-

conductive binders used for the electrode fabrication reduces active surface area, hinders the 

wettability of the active material’s surface towards the electrolyte, and reduces the electrical 

conductivity of the electrode [6, 27, 28]. For a nanostructured electrode material of supercapacitors, 

direct growth of the nanostructure on the current collector without binders is imperative, because 

it could ensure direct transport pathways to optimize rate capability and charge transport in the 

electrode. 

In this work, we report a CuMnO2-rGO nanocomposite directly growing on a nickel foam (NF) 

substrate through a facile hydrothermal approach followed by a subsequent annealing treatment. 

To the best of our knowledge, this work is the first report of a free-standing electrode containing 

CuMnO2 for the supercapacitor application and the comparison between CuMnO2-rGO/NF and 

CuMnO2/NF electrodes. Our results revealed the excellent electrochemical performance (1727 and 

1400 F g-1 at 3 and 10 A g-1, respectively) and long cycle life (5000 cycles) of the CuMnO2-rGO/NF 

electrode. To the best of our knowledge, these results are the highest among all the ABO2-type 

mixed metal oxides as supercapacitor electrodes. Furthermore, we constructed an asymmetric 

supercapacitor using CuMnO2-rGO/NF as positive electrode and rGO/NF as negative electrode. 

The asymmetric supercapacitor delivered a high energy density of 37.5 Wh kg-1 and power density 

of 4250 W kg-1 as well as a long-term stability up to 4000 cycles. 
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2. Experimental

2.1 Synthesis of CuMnO2/NF and CuMnO2-rGO/NF electrodes 

Graphite oxide (GO) was prepared by a modified Hummers method [29]. The synthesis of 

CuMnO2-rGO nanocomposite on NF substrate was performed via a hydrothermal progress by 

immersing the pre-cleaned NF in an aqueous solution of Cu(NO3)26H2O (0.5mmol), 

Mn(CH3OO)24H2O (0.5mmol), urea (300 mg) and GO suspension (5 mg mL-1) and being heated 

at 180°C for 24 h. The obtained electrodes were washed with ethanol and deionized water and dried 

at 80°C for 12 h. Finally, the as-prepared electrodes were annealed at 300°C for 2 h in an N2 

atmosphere with a heating rate of 3°C min-1. A typical mass loading is 1 mg cm-2. For comparison, 

CuMnO2/NF was prepared under identical conditions, except for the replacement of GO suspension 

with deionized water.

2.2 Characterizations

The morphology and structure of the samples were characterized by scanning electron 

microscopy system (SEM, Hitachi S4800) equipped with EDX analyser, transmission electron 

microscopy (TEM, Philips TecnaiTM), powder X-ray diffraction (XRD, SIEMENS/BRUKER 

D5000, CuKα λ = 1.54 Å), Fourier transform infrared (FTIR Bruker Vector-22), X-ray 

photoelectron spectroscopy (XPS, VG-Microtech Multilab 3000), and Raman-AFM system (NT-

MDT). Surface area and pore size distribution of the samples were measured by N2 adsorption-

desorption based on the Brauner-Emmet-Teller (BET) and Barrett-Joyner-Halenda (BJH) theory 

(Belsorp-BELMAX). Thermal gravimetric analysis (TGA) was conducted on a NETZSCH STA 

409 PC/PG instrument with a rate of 10°C min-1.
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2.3 Electrochemical measurements

Electrochemical performances of the electrode materials were evaluated in both three- and two-

electrode configuration with a 2 M of KOH electrolyte solution using an Autolab101 potentiostat 

(Eco. Chemie, the Netherlands) and a Zahner-Zennium potentiostat-galvanostat (Zahner, 

Germany) instruments. In addition, electrochemical impedance spectroscopy (EIS) measurement 

was carried out at the open-circuit potential in a frequency range from 100 kHz to 100 mHz. The 

complex nonlinear least square (CNLS) fitting method was implemented on the EIS experimental 

results to calculate the kinetic parameters. In a three-electrode system, CuMnO2 or its 

nanocomposite was supported onto a piece of NF (1 cm2), a Pt electrode and an Ag/AgCl electrode 

were used as working, counter and reference electrode, respectively. An asymmetric supercapacitor 

was assembled by using CuMnO2-rGO/NF as positive electrode, rGO/NF as negative electrode and 

filter paper as separator. The specific capacitance (Cs) from cyclic voltammograms was calculated 

by the equation as below [30]: 

𝐶𝑠 =
∫𝐼(𝑉)𝑑𝑉

𝑚∆𝑉𝑆   (F g ‒ 1)                                                          (1)

Where I is the response current, S is scan rate, m is mass of active material on the electrode, and 

ΔV is potential window in cyclic voltammetry. Power density (P) and energy density (E) are 

obtained from the galvanostatic discharge curves according to the following equations [31]:

𝐶𝑠 =
𝐼𝛥𝑡

𝑚∆𝑉  (F g ‒ 1)                                                                    (2)

𝐸 =
0.5𝐶𝑠∆𝑉2

3.6 (Wh kg ‒ 1)                                                         (3)

𝑃 =
3600 𝐸

∆𝑡   (F g ‒ 1)                                                                  (4)
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Where I is the discharge current, Δt is the full discharge time, and ΔV is the potential range of a full 

discharge.

3. Results and discussion

3.1 Morphological and structural analysis 

CuMnO2 and CuMnO2-rGO nanocomposites were directly synthesized on the NF substrate 

without any binder or surfactant. The phase of the materials was ascertained from XRD analysis as 

presented in Fig. 1a. The observed diffraction peaks of both CuMnO2 and CuMnO2-rGO can be 

well indexed to CuMnO2 (JCPDS 50-0860) without any impurity phases [26]. The absence of the 

rGO peak at ∼2θ =25˚ (Fig. S1) in the XRD pattern of the nanocomposite may be attributed to the 

weak diffraction intensity of rGO comparing to that of CuMnO2. The coexistence of rGO and 

CuMnO2 in the nanocomposite can be confirmed by the TG Analysis, Raman spectroscopy and X-

ray photoelectron spectroscopy (will be discussed later). The composition of the CuMnO2-rGO 

nanocomposite was studied by the TGA method as shown in Fig. 1b. CuMnO2 displays only one 

weight loss below 350°C due to the removal of the physiosorbed water and structural water, while 

no weight loss was observed from 350-800°C, suggesting the thermal stability of CuMnO2 under 

N2 atmosphere [32]. The weight loss of rGO below 400°C could be ascribed to the loss of adsorbed 

water and the remaining carboxyl, hydroxyl, or epoxy groups. The destruction of the carbon 

skeleton of graphene leads to the relatively significant weight loss from 400 °C to 800°C [33, 34]. 

The mass ratio of rGO and CuMnO2 in the nanocomposite is found to be 1:2.8 by the following 

formulas that is well matched with amount of using GO in experimental section:

𝑚CuMnO2 .β + 𝑚rGO.γ =   𝑚CuMnO2 ‒ rGO .α                         (5)

𝑚CuMnO2 + 𝑚rGO =   𝑚CuMnO2 ‒ rGO                                      (6)

x
y =

α ‒ γ
β ‒ α                                                                                     (7)
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Where x and y is the mass ratio of CuMnO2 and rGO in the nanocomposites, and β, α and γ are 

residue percentages of CuMnO2, CuMnO2-rGO nanocomposite and rGO, respectively. In Fig.  1c, 

the Raman spectrum of CuMnO2 displays a strong peak at 688 cm-1 and two weak peaks at 332 and 

386 cm-1 that correspond to the stretching vibrations of the CuMnO2 structure [26]. The two strong 

peaks at 1357 and 1600 cm-1 of rGO are designed to D band and G band of carbon, respectively 

[35, 36]. The simultaneous appearance of carbon bands and CuMnO2 peaks in the Raman spectrum 

of the nanocomposite demonstrates the coexistence of rGO and CuMnO2. The relative intensity 

ratio of the D band to the G band (ID/IG) can be used to measure the reduction extent of GO. 

Notably, the value of ID/IG ratio for CuMnO2-rGO nanocomposite (1.25) is higher than that of 

rGO (1.05), suggesting a more disordered structure due to the interfacial interactions of rGO with 

CuMnO2  as well as an increasing in the number of smaller sp2 domains [37-39]. The XPS survey 

spectrum of the nanocomposite (Fig. S2) confirms the existence of C, Mn, Cu and O. Fig. 1d shows 

the high-resolution XPS spectra of Cu 2p, Mn 2p and C 1s. In the Cu spectrum, two major peaks 

at 934.1 eV (Cu 2p3/2) and 953.8 eV (Cu 2p1/2) with a splitting energy of 19.7 eV prove the 

monovalent state of Cu ion [40, 41]. In the Mn spectrum, intense peaks at 641.7 eV (Mn 2p3/2) 

and 653.6 eV (Mn 2p1/2) with a splitting energy of 11.7 eV identify the Mn3+ valance in the 

nanocomposite [26, 42]. The C1s spectrum can be resolved into four peaks at 284.6, 286.5, 287.4 

and 288.9 eV, corresponding to C-C/C=C, C-OH, C=O and O-C=O, respectively [43]. 

Nitrogen adsorption-desorption isotherms of CuMnO2 and CuMnO2-rGO nanocomposite are 

shown in Fig. S3. Both materials depicted type IV isotherm with hysteresis loop, which is a 

property of the mesoporous materials [15]. The BET surface area studies confirm the increased 

surface area of nanocomposite (90.3 m2 g-1) compared with CuMnO2 (54.9 m2 g-1) due to 

incorporation of rGO in the electrode material structure and the formation of secondary pores 

between the rGO nanosheets and CuMnO2 nanoplates. The increased surface area can provide 
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higher number of active sites, desired electrical connection for fast rate of redox reaction and charge 

transfer, which could effectively improve energy storage ability. This observation is in good accord 

with the result of BJH pore size distribution (inset of Fig. S3), where the major size of the CuMnO2-

rGO nanocomposite is 4.6 nm that derives from the space between the CuMnO2 nanoplates and 

rGO as well as the nanosheets themselves.

The morphology of the as prepared samples is depicted in Fig. 2. SEM images of the 

CuMnO2/NF electrode reveal dense coverage of CuMnO2 nanoplates with a thickness of 8-14 nm 

on the NF surface (Fig. 2a and 2b). The nanoplates directly grow on the NF surface without any 

block of polymer binders, which could lead to better ion insertion and electron transport at the 

electrode/electrolyte interface (Fig. S4). The directly formation of nanocomposite on the NF 

surface is displayed in Fig. S5. The SEM images of the CuMnO2-rGO/NF electrode is show the 

presence of rGO nanosheets and CuMnO2 nanoplates distributed on the surface of rGO (Fig. 2c, 

d). As shown in Fig. 2d, the flexibility of rGO can be seen from a few spots that are not covered 

by the nanoplates. The nanoplates display similar shape and thickness as shown in Fig. 2b, 

demonstrating that the incorporation of rGO does not affect the growth of CuMnO2 nanoplates. 

The revealed combination of rGO nanosheets and CuMnO2 nanoplates could enhance the surface 

area (Fig. S3) comparing with bare CuMnO2 nanoplates and thus provide more electroactive sites 

for Faradaic reactions. Furthermore, the space between the nanoplates and rGO nanosheets can act 

as electrolyte transport channels during the charging/discharging process. Fig. S6 shows the SEM 

images of the CuMnO2-rGO nanocomposite that partially peels off from the NF substrate, which 

clearly demonstrates the flexible rGO and its connection to the CuMnO2 nanoplates. The 

coexistence of C, Cu, Mn and O elements in the nanocomposite is once again confirmed by the 

EDX spectra and EDX mapping analysis (Fig. S7). HRTEM method was utilized to further 

characterize the as-prepared CuMnO2-rGO nanocomposite. Fig. 2e and 2f demonstrate the 
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nanoplate morphology of CuMnO2, and once again the thinness of the nanosheets is proven by the 

low contrast in Fig. 2e. Side view of an individual nanosheet displays a thickness of 12 nm, which 

agrees with the results in Fig. 2b. A lattice fringe of 5.8 Å was observed (inset of Fig. 2f), which 

corresponds to the interlayer space of the (001) plane of CuMnO2. To summarize the morphological 

and structural analysis, a CuMnO2-rGO composite was successfully fabricated directly on a NF 

substrate. The composite is consisted of CuMnO2 nanoplates and rGO nanosheets, where the 

former grows on the surface of the latter. The CuMnO2-rGO/NF electrode is expected to deliver 

high performance as a free-standing electrode of supercapacitors owing to the synergetic effect 

formed by each component.

3.2 Electrochemical analysis

Cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) measurements were initially 

performed to elucidate the electrochemical performance of the as-prepared electrodes in a three-

electrode system with a 2 M KOH electrolyte. Fig. 3a presents the comparison of CV curves of the 

CuMnO2/NF and CuMnO2-rGO/NF electrodes at a scan rate of 50 mV s-1 within a voltage window 

of -0.2 to 0.7 V. Both electrodes display a pair of reversible redox peaks, suggesting a pseudo 

capacitive behavior that results from a reversible redox reaction between M-O/M-OH (M 

represents Cu and Mn) and OH- [26]. The remarkable augmentation in the integral CV area of the 

CuMnO2-rGO/NF electrode comparing with the CuMnO2/NF electrode is ascribed to the 

incorporation of the high surface area and conductivity of rGO, signifying the higher charge storage 

ability and substantial improvement of performance. It should be noted that the integrated area 

under the CV curves of bare Ni foam electrode is dramatically lower than that of the CuMnO2/NF 

and CuMnO2/rGO/NF electrodes; revealing the negligible contribution of capacitance of the NF 

substrate in total specific capacitance (Fig. S8). Also, after deposition of electrode materials on the 
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nickel foam surface, the area exposed to the electrolyte will be decreased and then the 

corresponding capacitance contribution from Ni foam will be lowered. The CV curves of the 

CuMnO2/NF and CuMnO2-rGO/NF electrodes at various scan rates are depicted in Fig. 3b and 3c. 

The specific capacitance values of the CuMnO2-rGO/NF electrode were calculated to be 1574, 

1527, 1450, 1351, 1261, 1183, 1131 and 1058 F g-1 at 5, 10, 15, 20, 25, 30, 40 and 50 mV s-1, 

respectively. The specific capacitance of the CuMnO2/NF electrode was calculated to be 711, 685, 

641, 610, 585, 539, 477 and 427 F g-1 at the same scan rates. It is concluded that specific capacitance 

can be originated from the significant pseudocapacitance of CuMnO2 that was enhanced by electric 

double layer capacitance (EDLC) of the rGO nanosheets. The specific capacitance decreases as the 

scan rate increases, which reflects the limited accessibility of ions into inner region at a short time 

scale [44]. The capacitance preservation at 50 mV s-1 of the CuMnO2/NF and CuMnO2-rGO/NF 

electrodes were 60% and 67% of that at 5 mV s-1, respectively. Besides, the positions of the redox 

peaks showed a slight shift upon increasing the scan rate owing to diffusion polarization effect 

[45], while these CV curves maintain a similar shape, indicating the considerable kinetic 

reversibility and rate capability of the composite. 

Therefore, the obtained high capacitance for CuMnO2-rGO nanocomposite referred to as 

pseudocapacitance and the non-Faradaic contribution from the double layer effect. These 

capacitive effects were characterized by analyzing the voltammetric data at various sweep rates 

according [46]: 

𝑖 = 𝑎𝑣1/2   or    𝐿𝑜𝑔 (𝑖) = 𝐿𝑜𝑔(𝑎) + 𝑏 𝐿𝑜𝑔(𝑣)                      (8)

where a and b are adjustable parameters, i is the current, ν is the scan rate. The current density is 

controlled by the non-diffusion processes (capacitive effect) when b = 1, otherwise, current density 

is due to diffusion-controlled redox intercalation process (battery- type behavior) and b = 0.5. The 

calculated b-values of CuMnO2-rGO during cathodic scan are shown in Fig. S9. At the peak 
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potential between 0.1 to 0.2 V, the b-value are in the range 0.92 to 1.0, confirming that the current 

is predominantly capacitive. At the peak between 0.3 to 0.4 V, the b-value are in the range of 0.65 

to 0.7; suggesting coexistence of both diffusion-controlled and capacitive processes.

It should be noted that CuMnO2-rGO/NF exhibits diffusion-controlled (battery-type behavior) in 

addition to capacitive behavior. The current response at a fixed potential i(v) can be described as 

the combination of capacitive effects (k1 v) and diffusion-controlled reactions (k2 v1/2) according 

to[47]:

𝑖(𝑣) = 𝑘1𝑣 + 𝑘2𝑣1/2                                            (9)

k1 and k2 can be calculated from from the slope and the y-axis intercept point of The plots of v1/2 

versus i(v)/ v1/2 (Fig. 3d). Fig. 3e shows the contribution fraction of capacitive effect at different 

scan rate. It can be concluded that the charge storage behavior predominantly originated from redox 

reaction (diffusion-controlled process). Furthermore, the capacitive contribution increased with the 

increase of scan rate due to insufficient time for ion diffusion into deeper site and redox process. 

Furthermore, the electrochemical stability of the CuMnO2/NF and CuMnO2-rGO/NF electrodes 

were investigated up to 5000 cycles at a scan rate of 100 mV s-1. The variation of the specific 

capacitance of both electrodes gradually increased during the initial 3000 cycle, then it became 

steady up to 5000 cycles (Fig. 3f), due to the the gradual activation of the electrode surface and 

proliferation of available active sites and thus complete accessibility to the deeper active cite after 

3000 cycles [18, 19, 48, 49]. The increased value for the CuMnO2/NF and CuMnO2-rGO/NF 

electrodes was calculated as around 17% and 25%, respectively. The superior cyclic stability of 

CuMnO2-rGO/NF over the CuMnO2/NF may be originated from the interaction of rGO and 

CuMnO2. The rGO nanosheets offer high surface area that leads to enhanced mechanical and 

structural stability of the nanocomposite. Fig. S10 shows the CV curves of the CuMnO2-rGO/NF 

electrode during 5000 cycles. 
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The excellent capacitive performance of the CuMnO2-rGO/NF electrode was also verified from 

galvanostatic charge/discharge (GCD) studies over the voltage window of -0.2-0.5 V (Fig. 4a). A 

longer discharge time corresponds to a larger capacitance of the CuMnO2-rGO/NF electrode, due 

to a synergetic effect between rGO and CuMnO2 and an enhanced effective surface area required 

for ion exchange. The nonlinear discharge curves with negligible potential drop further resemble 

the pseudocapacitive behaviour and excellent capacitive performance of the electrode materials, 

which was in accordance with the CV results. Inset of Fig. 4a represents the current density 

dependence on the specific capacitance values. With changing the current densities from 3 to 10 A 

g-1, the CuMnO2-rGO/NF electrode showed higher rate stability (81%) than the CuMnO2/NF 

electrode (76%). The superior rate capability of the CuMnO2-rGO/NF electrode is attributed to the 

shorter diffusion length of ions, the larger surface area, and the increased electrical conductivity of 

the CuMnO2-rGO nanostructure. GCD curves of the CuMnO2/NF and CuMnO2-rGO/NF 

electrodes at different current densities are also shown in Fig. S11. Moreover, the specific 

capacitance of both electrodes calculated by mAh g-1 at various current density and scan rate, are 

shown in Fig. S12. The EIS analysis was conducted to estimate kinetic parameters of the 

CuMnO2/NF and CuMnO2-rGO/NF electrodes in a frequency range from 0.1 Hz to 100 kHz at 

open circuit potentials (Fig. 4b). The Nyquist plots of the two electrodes are composed of the 

distorted semicircles in the high-medium frequency region and straight lines in the low frequency 

region, which describes interfacial charge-transfer resistance (Rct) and diffusion resistance in the 

electroactive material, respectively [50, 51]. The Rct value is 3.3 and 4.5 Ω for the CuMnO2-

rGO/NF and CuMnO2/NF electrodes, respectively. The CuMnO2-rGO/NF electrode displays a 

more vertical line (75°) than the CuMnO2/NF electrode (60°); demonstrating the lower diffusion 

resistance and more ideal capacitive behavior. The effective cooperation of graphene nanosheets 

as conductive framework in the CuMnO2-rGO nanocomposite is the imminent cause of 
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electrochemical performance improvement. As shown in inset of Fig. 4b, the Nyquist plots of the 

CuMnO2-rGO/NF electrode display similar features before and after 5000 charge/discharge cycles 

with negligible changes in the electrochemical parameters based on the electrical equivalent circuit 

analysis (Scheme S1 and Table S1). This is a clear evidence of the excellent electrochemical and 

physical stability of the CuMnO2-rGO/NF electrode. Also, the small increase in the Rct (from 3.35 

to 6.7) indicates the small changes and deformation of the morphology and structure of CuMnO2-

rGO during successive potential cycles. Additionally, the diffusion line angle after 5000 cycles 

shows small decrease compared to the initial diffusion line slope; suggesting the insignificant 

changes in the electrolyte penetration and ion diffusion resistance of the electrode material.

3.3 Electrochemical performance of the asymmetric supercapacitor (ASC) 

Designing ASCs is an efficient pathway to boost energy density of supercapacitors. Assembling 

a positive electrode (CuMnO2-rGO/NF) with a pseudocapacitive behavior and an EDLC negative 

electrode (rGO/NF) into an ASC (denoted rGO/NF//CuMnO2-rGO/NF) with an aqueous 

electrolyte can greatly enhance energy density because of the increased specific capacitance by 

Faradic redox reaction on side of positive electrode and the broadened potential window via the 

high overpotential of the reversible hydrogen electro-sorption on the side of the carbon EDLC 

electrodes according to the relationship of E = 1/2CV2 [15]. The weight ratio of the negative 

electrode to the positive electrode is calculated to be 6.85 based on the charge balancing theory, 

and the maximum voltage range of the device was controlled by the voltage range of each electrode 

in a three-electrode system. As seen in Fig. 5a, the voltage range of the rGO/NF electrode is 

between -1.0 and 0.0 V with a quasi-rectangular behavior, while the range of the CuMnO2-rGO/NF 

electrode is between -0.2 to 0.7 V with a pseudocapacitive behavior. Thus, the CV curves of 

rGO/NF//CuMnO2-rGO/NF ASC can be monitored between 0.0 to 1.9 V (Fig. 5b). It can be seen 
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that the evolution of oxygen occurred at a voltage exceeding 1.7 V [52]. Consequently, 1.7 V was 

chosen as the suitable voltage for our electrochemical studies. Fig. 5c illustrates the CV curves of 

the ASC at different scan rates in the range from 0.0 to 1.7 V. As expected, defined redox peaks 

were observed, which implies the rationale of the combination of pseudocapacitive and EDLC 

electrodes. Notably, the shape of the CV curves was well maintained with increasing scan rate, 

indicating good rate capability and favourable capacitive property of the ASC. The long-term 

stability was evaluated at a scan rate of 100 mV s-1 (Fig. 5d). The specific capacitance increased 

up to 1500 cycles, and a deterioration of only 3.3% was observed in the subsequent 2500 cycles. 

Nyquist plots of the ASC reveal a small change of Rct after 4000 cycles and proves little 

performance degradation (Fig. S13). 

GCD was investigated at different current densities within the same voltage window as the CV 

measurement, and the corresponding profiles are presented in Fig. 5e. The nearly symmetric shapes 

and a small internal resistance (IR) drop corroborate ideal characteristics of the ASC device. 

Considering the total mass of the active material in both electrodes (almost 2 mg) and the discharge 

time, the specific capacitances were estimated to be 93, 88, 86, 82, 80, 74, and 73 F g-1 at current 

densities of 2, 2.5, 3, 3.5, 4, 4.5 and 5 A g-1, respectively. Since power density and energy density 

are two dominant parameters to assess the potential application of the ASC, these parameters were 

calculated and results are depicted as the Ragone plot (Fig. 5f). Our device delivered a maximum 

energy density of 37.5 Wh kg-1 at a power density of 1700 W kg-1 and a high energy density of 

29.5 Wh kg-1 at a high power density of 4250 W kg-1. The obtained maximum energy density is 

among the highest results of manganese and copper-based ASCs [53-63]. A detailed comparison 

between the proposed nanocomposites and the previously reported composites is listed in Table 

S2, where performance is compared in both three- and two-electrode systems. 
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4. Conclusions

In summary, a simple hydrothermal method was used for the in-situ synthesis of CuMnO2 and 

CuMnO2-rGO nanocomposite on nickel foam substrate. The CuMnO2-rGO/NF electrode exhibited 

better electrochemical performance than the CuMnO2/NF electrode. The CuMnO2-rGO/NF 

electrode displayed a high specific capacitance (1727 F g-1 at 3 A g-1), good rate capability (19% 

loss at 10 A g-1) and great cycling stability (retention of 125% up to 5000 cycles). Furthermore, an 

asymmetric supercapacitor was constructed by coupling with the rGO negative electrode 

(rGO/NF//CuMnO2-rGO/NF). The supercapacitor demonstrated a considerable specific 

capacitance (93 F g-1 at 2 A g-1), excellent cycling stability (decay of 3.3% up to 4000 cycles), high 

energy density (37.5 Wh kg-1) and high power density (4250 W kg-1). Our results offer a compelling 

evidence of the CuMnO2-rGO composite as a promising material for actual application.
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Figure 1. Structural and composition characterization of CuMnO2 and CuMnO2-rGO 

nanocomposite: (a) XRD patterns, (b) TGA curves, (c) Raman spectra, and (d) core level XPS 

spectra of Cu 2p, Mn 2p and of CuMnO2-rGo nanocomposite.
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Figure 2. SEM images of (a, b) CuMnO2/NF and (c, d) CuMnO2-rGO/NF. (e, f) TEM images of 

CuMnO2-rGO nanocomposite (inset in f: HRTEM image).
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Figure 3. CV curves of (a) CuMnO2/NF and CuMnO2-rGO/NF electrodes at a scan rate of 50 mV 

s-1, (b) CuMnO2/NF, (c) CuMnO2-rGO/NF electrodes at different scan rates, (d) The plots of i(v)/ 

v 1/2 versus v 1/2 at different potentials of the cathodic scan, (e) Capacitive and diffusion controlled 

contribution to the charge storage at different scan rate and (f) cycling stability of CuMnO2/NF and 

CuMnO2-rGO/NF electrodes at scan rate 100 mV s-1.
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Figure 4. (a) GCD of CuMnO2/NF and CuMnO2-rGO/NF electrodes at 3 A g-1 (inset: variation of 

specific capacitance as a function of current density). (b) Nyquist plots of CuMnO2/NF and 

CuMnO2-rGO/NF electrodes (inset: Nyquist plots of CuMnO2-rGO/NF electrode after the 1st and 

5000th cycle).
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Figure 5. CV curves of (a) rGO/NF and CuMnO2-rGO/NF electrode in a three-electrode system at 

scan rate 30 mV s-1, asymmetric rGO/NF//CuMnO2-rGO/NF supercapacitor within different potential 

ranges (b) and at different scan rates in potential ranges of 0 to 1.7 V (c). (d) Cycling stability as a 

function of cycle number (inset: CV curves before and after 4000 cycles). (e) GCD curves at different 

current densities. (f) Ragone plot of the asymmetric rGO/NF//CuMnO2-rGO /NF supercapacitor.
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Highlights

 Direct deposition of rGO-CuMnO2 on Ni foam was done through hydrothermal method.

 The rGO-CuMnO2/NF is a free-standing CuMnO2 electrode for supercapacitors.

 A specific capacitance of 1727 F g-1 was achieved for the rGO-CuMnO2/NF electrode.

 The rGO-CuMnO2/NF electrode showed an excellent cycle life stability.

 The rGO-CuMnO2 based asymmetric device delivered an energy density of 37.5 Wh kg-1.


