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Abstract – The hierarchical CuCo2O4-Ni(OH)2 core-shell nanowire arrays on Ni foam were fabricated using facile and 

cost-effective two-step hydrothermal synthesis. The growth of CuCo2O4 nanowires was developed on Ni foam as the 
apposite basis of the conductive scaffold, and the ultrathin Ni(OH)2 nanowires were subsequently immobilized to form 
CuCo2O4-Ni(OH)2 core-shell nanowire arrays (NWAs). The prepared materials were further characterized in structural, 
morphological, and electrochemical properties. The obtained CuCo2O4-Ni(OH)2 pseudocapacitor electrode, incorporated 
by unique core-shell heterostructures nanowire arrays, exhibited great specific capacitance of 1201.67 F g -1 at 1 mA g-1, 
which is much higher than pristine CuCo2O4 nanowire of 638.89 F g-1 at 1 mA g-1. Simultaneously, it also has a high power 
density of 5.56 kW kg-1 at an energy density of 73.33 Wh kg-1 and good long-term cycling performance (~84 capacitance 
retention after 1000 cycles). The improved morphological and structural properties have substantiated the CuCo2O4-
Ni(OH)2 core-shell nanowire arrays properties owing to higher surface active area and richer redox activity for boosting the 
electrochemical properties.  
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Introduction 

The depletion of fossil fuels and other energy resources has been contemporaneously changing human minds 
to utilize energy in safe ways. By now, with also mentioning apprehensive climate change, it is crucial to find 
clean and reliable energy to save the world’s sustainability. Energy storage technology (viz., batteries, fuel cells, 
and supercapacitors) is a fundamental property in the effort to harvest clean and sustainable energy(Yu et al., 
2015). In the era of advanced technology, recent developments in energy storage technology have led to a 
renowned interest in supercapacitors (SCs), which have emerged as a powerful devices compared to batteries. 
SCs, also known as electrochemical capacitors, have been used in a wide area of energy harvesting and storage 
applications such as portable electronics and grid power instruments(Dyatkin et al., 2013). SCs can be classified 
into electrical double layer capacitors (EDLC) and pseudocapacitors according to the charge storage mechanism. 
Pseudocapacitors shows promising characteristics to achieve battery-level energy density, which concomitances 
with the high power density and long cycling stability due to reversible fast redox (faradaic) reactions occurring 
at the surface of the electrode in term of charge storage properties(V. C. Lokhande, Lokhande, Lokhande, Kim, 
& Ji, 2016). Referring to these unique characteristics, researchers have pointed out their consideration of 
achieving high-performance supercapacitors by the pseudocapacitance mechanism. 

The critical part of supercapacitors is electrode material, which garnered electrical energy during charge-
discharge processes. It is widely believed that electrode materials are firmly decisive in developing high-
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performance supercapacitors. Metal oxides comprise unique chemical and physical properties and have become 
genuine emphasis as electrode material candidates for supercapacitors. A big chance of metal oxides utilization 
could be associated with its large electrochemical performance, wherein it also stores energy similar to batteries 
that enable high energy density ascribed from ultrafast surface redox reaction(C. D. Lokhande, Dubal, & Joo, 
2011; Wu et al., 2012; Xu et al., 2014). Furthermore, SCs based metal oxide materials have been augured to 
bridge the gap with batteries, thus improving their energy density affirmed with cycle life and power density. 

In recent times, ternary transition metal oxide, particularly spinel cobaltite materials ACO2O4 (A=divalent 
metal cations), has attracted researchers due to their multiple oxide states, environmental benignity, high 
theoretical capacitance, and applicable expenses as electrode materials for supercapacitors 10. Several attempts 
have been devoted to fabricating spinel cobaltite materials such as NiCo2O4, CuCo2O4, MgCo2O4, ZnCo2O4, 
MnCo2O4, and FeCo2O4(Chen et al., 2013; Cui et al., 2016; Khalid et al., 2015). In the midst of these materials, 
CuCo2O4 has been investigated as a promising candidate for SCs electrodes due to its abundant electrochemical 
activity, strong chemical stability, eco-friendly, and inexpensive. Additionally, CuCo2O4 has significantly 
ameliorated electrochemical and physiochemical characteristics by the fusion of Cu2+ to Co2+ compared with 
Co3O4(Shude Liu, San Hui, Hui, Yun, & Kim, 2016; Pendashteh et al., 2015). CuCo2O4 also exhibits high 
capacitive performance and reaction kinetics than single component copper oxides (CuO) and cobalt oxide 
(Co3O4). 

Moreover, it remains inhibitions such as the capacitance and operation voltage task to improve CuCo2O4-
based electrodes to obtain high-performance supercapacitors. One of the key strategies for successful 
breakthroughs is to construct desirable core-shell structure materials. The unique core-shell structure possesses 
numerous advantages in improving the electrochemical performance of supercapacitors. It is not only availed to 
enhance active surface area and short ions diffusion pathways but also bestows fully synergistic effects toward 
each component. Arising from this phenomenon, many researchers attempted to manufacture SCs materials 
based on core-shell structures.  

Nickel hydroxides, Ni(OH)2, has vastly studied and recognized as attractive transition hydroxides materials 
for supercapacitors. Ni(OH)2 shows remarkable properties with regard to ultrahigh theoretical capacitance, well-
defined electrochemical redox activity, environmentally benign, and low-price(Chuo et al., 2014; Kurra, Alhebshi, 
& Alshareef, 2015; L. Zhang et al., 2016). However, lower power density, poor cycling stability, and rate capability 
resulted from poor electrical conductivity because of the indisposed wrinkling and bulging during the charge-
discharge process. To chase the requisite of increased capacitance and superior rate capability performance 
during the fast charge-discharge process, a smart approach and well-design configuration of innovative hybrid 
materials has tied momentous attention owing to excellent electrochemical performance through synergistic 
effects among each component, respectively. Therefore, an expected design can be attempted to construct 
CuCo2O4-Ni(OH)2 core-shell nanostructures for supercapacitors. Several strategies have been developed to 
fabricate ternary metal oxide combined with Ni(OH)2 hybrid structure. For instance, Li et al.(W. Li et al. 2015) 
described the temperature effects of pseudocapacitance performance NiCo2O4@Ni(OH)2 with high 
electrochemical performance by virtue of this aforementioned composite electrode. Zhao et al.(Y. Zhao, Hu, 
Zhao, & Wu, 2016) demonstrated the fabrication of multicomponent MnCo2O4@Ni(OH)2 belt-based core-shell 
nanoflowers with significantly enhanced specific capacitance, high energy density, and long cycling lifespan as 
anode material. Pan et al.(Pan et al., 2017) reported the hierarchical ZnCo2O4@Ni(OH)2 nanosheets composite 
structures with improved ultrahigh areal capacitance, high energy density, and excellent rate capability. Some 
investigations said seem to suggest a pertinent role for hybrid structure transition metal oxide/hydroxides. These 
strategies have illustrated that CuCo2O4 and Ni(OH)2 have distinct possibilities to become hybrid core-shell 
nanostructures materials that further acquire good electrochemical properties. 

We have first fabricated CuCo2O4 nanowires@Ni(OH)2 core-shell nanowire arrays grown on Ni foam via a 
facile two-step hydrothermal process. The combined structures among both materials have improved 
electrochemical behaviors of high specific capacitance of 1201.67 F g-1 at 1 mA g-1. The enhanced power density 
of 5.56 kW kg-1 at an energy density of 73.33 Wh kg-1 and good long-term cycling performance.  
 
Materials and Methods 

Nickel foam was directly used as a conductive substrate, with a thickness of 1 mm, and 98% porosity. All 
chemical reagents and materials in this work were used of analytical grade without further purification.  
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Treatment of Ni foam 
Ni foam was directly used as a conductive substrate in this experiment. Ni foam (4 x 2 cm2) was ultrasonicated 

in 3M diluted HCl to remove the NiO layer on the surface. Treated Ni foam was cleaned successively with DI 
water and absolute ethanol several times, followed by drying at 25 0C overnight. 

Synthesis of CuCo2O4 nanowire on Ni Foam 
In a typical synthetic process, 1 mmol of Cu(NO3)2.3H2O, 2 mmol of Co(NO3)2.6H2O, and 5 mmol of 

CO(NH2)2 were dissolved in 35 mL DI water under continual magnetic stirring to form a uniform light blush 
solution. After that, a piece of Ni foam and the as-prepared solution was carefully transferred into a 50 mL 
Teflon-Lined stainless-steel autoclave and reacted under 120 oC for 6 h. By naturally cooling the autoclave to 
ambient temperature, the as-prepared samples were washed by ethanol and DI water successfully dried at 60 oC 
for 10 h. Finally, the samples were annealed at 300 oC for 3 h to obtain CuCo2O4 nanowires yield on Ni foam.  

Preparation of hierarchical CuCo2O4-Ni(OH)2 core-shell heterostructures nanowire arrays 
(NWs) on Ni Foam 

The facile hydrothermal method prepared the synthesis process of Ni(OH)2 nanosheets onto CuCo2O4 
nanowires/Ni foam surface. In a typical procedure, 3 mmol of Ni(NO3).6H2O and 6 mmol of CO(NH2)2 were 
dissolved in 35 mL DI water while stirred until form a light verdant solution. A piece of Ni foam covered with 
CuCo2O4 and the solution were then placed into a Teflon-lined stainless steel autoclave and gradually heated up 
to 100 oC for 6 h. was washed with ethanol and DI water at 60 oC for 10 h.  

Materials Characterization 
The crystal and phase structure of the synthesized materials was characterized by X-Ray Diffraction (XRD, 

Philips X’Pert Pro) equipped with Cu Kα radiation (λ = 0.15406 nm) in the 2θ range of 20 o-80o. The 
morphological structures of the samples were investigated by Scanning Electron Microscopy (SEM, Zeiss, 
Gemini-500) and Transmission Electron Microscopy (TEM, JEOL, JEM-2100) with a field of emission gun 
operated at 200 kV. The chemical composition of materials was measured by X-Ray Photoelectron Spectroscopy 
(XPS; PHI5700 ESCA spectrometer with Al Kα radiation, hv=1486.6 eV). The surface area and porosity of 
materials were determined by nitrogen adsorption-desorption isotherm at the boiling point of nitrogen 
temperature (77 K) using a Micromeritics ASAP 2010 surface area and pore size distribution analyzer 
instruments. 

Electrochemical Measurements 
The electrochemical measurements of prepared materials CuCo2O4 NW and CuCo2O4-Ni(OH)2 NWAs were 

evaluated in an electrochemical workstation CHI760i (Shanghai Chenhua Instruments Ltd., China) via a 
traditional three-electrode system. The prepared materials were used as working electrodes (1 x 1 cm2), and 
platinum electrodes and Ag/AgCl electrodes were used as reference electrodes and counter electrodes. The mass 
loading of materials (CuCo2O4 ≈ 1.8 mg and CuCo2O4-Ni(OH)2 ≈ 2.4 mg) on Ni foam substrate were tested 
for all electrochemical tests. Cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and 
electrochemical impedance spectroscopy (EIS) tests were evaluated in 3M KOH aqueous electrolyte at room 
temperature. CV test was carried out in a potential range between -0.1 V to 0.6 V at a varying scan rate of 2, 5, 
8, 10, and 20 mV s-1. Galvanostatic charge-discharge measurement was conducted between 0 to 0.5 V with 
current densities ranging from 1, 5, 10, 20, and 40 mA g-1. EIS was conducted using an amplitude of 5 mV in 
the frequency range from 0.01 Hz to 100 kHz. The specific capacitance was calculated by using the Equation:  

𝐶𝑚 =
𝐼 𝑥  𝑡

𝑚 𝑥 ∆𝑉
       (1) 

 
Where Cm (F g-1) is the specific capacitance, I (A) is the discharge current density, t (s) is the discharge time, m 
(g) is the active material mass on the electrode, and ΔV (V) is voltage alteration. The energy density was calculated 
by using the formula: 

𝐸 =
1

2
 𝐶𝑚 𝑥 𝛥𝑉2       (2) 

 
Where E is energy density (Wh kg-1), Cm is the obtained specific capacitances (F g-1), and ΔV (V) is voltage 
change.  
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𝑃 =  
𝐸

𝑡
        (3) 

 
Where P is power density (kW kg-1), E is the obtained energy density (Wh kg-1), and t is the discharged time (s). 
 
Results 
Structural and Morphological Characteristics 

In this study, a novel strategy has been exerted to synthesize hierarchical CuCo2O4-Ni(OH)2 core-shell 
nanowire arrays (NWs) on 3D Ni foam as conductive substrate via facile two steps hydrothermal method. Core-
shell nanostructures arrays on 3D Ni foam are alluring according to the synergistic effect between its rational 
design and unique structure. The facile strategy of CuCo2O4-Ni(OH)2 core-shell NWs on Ni foam is 
schematically illustrated in Figure 1.  

 

 
Figure 1. Schematic illustration of formation process hierarchical CuCo2O4-Ni(OH)2 core-shell 

heterostructures nanowire arrays grown on Ni foam. 
 
At the beginning process, CuCo2O4 grew up and formed as Cu-Co hydroxides precursor due to urea's slow 

hydrolysis and in situ release of OH and CO32− in hydrothermal reaction(Cheng et al., 2015; S. Liu, Hui, & Hui, 
2016). This process also initiated the precipitation of Cu2+ and Co2+ that started the nucleation period of 
CuCo2O4 on Ni foam. CuCo2O4 nanowire was obtained after annealing treatment. The relevant reaction of the 
series process can be followed in this Equation (Anu Prathap, Wei, Sun, & Xu, 2015; Hu et al., 2015): 

 
2 CO(NH2)2 + 5 H2O  → 4 NH4+ + 2 OH− + CO32− + CO2   (4) 
(Co2+, Cu2+) + CO32− + 2 OH− → (Co, Cu)2(CO3)(OH)2    (5) 
Cu2(CO3)(OH)2 + 2 Co2(CO3)(OH)2 + O2 → 2 CuCo2O4 + 3 CO2 + 3 H2O (6) 

 
The assemblage of ultrathin Ni(OH)2 nanowire arrays was easily deposited onto Ni foam@CuCo2O4 

nanowire via a second hydrothermal reaction by using nickel nitrate and urea as the precursor solution. Urea was 
used as a hydrolysis agent to release OH− ions due to its easy decomposition rate and relatively react in mild pH 
conditions. The decomposition of urea transpired by Ni2+ and OH− an initial reaction which then stimulates 
Ni(OH)2 nucleation and rapidly thrives into prime particles, thus can be responded to following reaction 
equation: 

 
NO3− + H2O + 2 e−→ NO2− + 2 OH−     (7) 
Ni2+ + 2 OH− → Ni(OH)2      (8) 

 
Henceforth, Ni(OH)2 nuclei grew up to be primary particles step by step. These primary particles accumulated 

into chains, thus slightly amassed on the surface of Ni foam@CuCo2O4 nanowire to become the aggregation 
cores of more amorphous primary particles. As the Ni(OH)2 particles continue to aggregate, Ni(OH)2 begins to 
crystallize and grow along the c-axis, gradually forming nanowire arrays (NWs) and eventually constructing the 
CuCo2O4-Ni(OH)2 core-shell nanowire arrays (NWs).  
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The X-Ray Diffraction (XRD) measurements were tested to analyze the phase and crystallite structure of 
materials. The materials were scraped from Ni foam to obtain powder samples. Figure 2a shows XRD patterns 
of CuCo2O4 and CuCo2O4-Ni(OH)2 samples. All corresponding peaks of CuCo2O4, located at 31.1o, 36.7o, 43.4o, 
44.6o, 50.7o, 59.5o, 64.9o, 73.8o, 76.5o, can be indexed to the (220), (311), (222), (400), (422), (511), (440), (620) 
and (533) planes respectively, affirming to the presence of the cubic CuCo2O4 phase (JCPDS 78-2176). 
Moreover, CuCo2O4-Ni(OH)2 diffraction peaks are marked by the existence of derived peaks from the hexagonal 
Ni(OH)2 phase (JCPDS 73-1520). The clear signal of Ni(OH)2 can be identified from XRD patterns, signing the 
good crystallinity and adequate amount of the Ni(OH)2.  

 

 
Figure 2. (a) XRD patterns of CuCo2O4 nanowire and hierarchical CuCo2O4-Ni(OH)2 core-shell NW 

scratched from Ni foam. (b) XPS general spectra of hierarchical CuCo2O4-Ni(OH)2 core-shell heterostructures 
NWAs scratched from Ni foam; and (c~f) the corresponding XPS survey scans of Cu 2p, Co 2p, Ni 2p, and O 

1s, respectively. 
  

The hydrothermal methods are favorable for obtaining pure Ni(OH)2. Apart from significant peaks, the 
emanation of two peaks at about 52o and 61o are ascribed from Ni foam. Therefore, all diffraction peaks align 
with XRD standards and firmly demonstrate the efficacious fabrication of CuCo2O4-Ni(OH)2 on Ni foam. 

To get further information about the chemical composition of products, XPS measurement was tested and 
analyzed by the Gaussian method in the peak fitting process. The overall scan spectrums of CuCo2O4-Ni(OH)2 
can be shown in Figure 2b, presenting the survey scan area of the sample's Cu, Co, Ni, and O elements. As 
depicted in Figure 2c, the Cu spectra located in the range 954.5 eV and 934.6 eV were assigned to the binding 
energy of Cu 2p1/2 and Cu 2p3/2. Besides, Cu satellite peaks at 942.7 eV and 963.1 eV indicate the spin-orbit 
characteristic of Cu2+.  Figure 2d depicts the apparent spectrum of Co 2p, which is well-marked by the main two 
peaks revealed at binding energy 798.1 and 781.8 eV ascribed from Co 2p1/2 and Co 2p3/2, respectively. More 
accurately, several resolved peaks located at around 803.3 eV and 786.6 eV correspond to the Co2+ state; 
afterward, another resolved peaks at 798.1 eV and 781.8 eV are assigned to Co3+, ultimately, the final peak at 
775.7 eV is attributed to Co4+ state. Figure 2e shows the Ni species spectrum at binding energy 874.7 and 856.6 
eV, attributed to Ni 2p1/2 and Ni 2p3/2 of Ni(OH)2. After the fitting peaks processes, it has been founded that 
the deconvoluted peaks at 874.7 eV and 856.6 eV are assigned to the Ni3+ chemical state. 

Meanwhile, another peak at 880.5 eV and 862.3 eV accorded to the Ni2+ chemical state. The chemical states 
of Co2+/Co3+/Co4+ and Ni2+/Ni3+ in the sample are prone to support redox reactions and give benefits to 
enhancing the specific capacitance of supercapacitors. Additionally, the deconvoluted spectrum of O1 s in Figure 
2f displayed the primary peak that can be divided into three fitting peaks at binding energy 534.5, 533.1, and 
531.3 eV, which attributed to three oxygen species (referred to as O1, O2, and O3)(Dai et al., 2015; Li, Jiang, 
Zhou, Liu, & Zeng, 2015; J. Zhao, Li, Zhang, Meng, & Li, 2016). The O1 peak at high-level binding energy of 
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534.5 eV is ascribed to the typical metal-oxygen bonds. Meanwhile, the O3 peak at low binding energy 531.3 eV 
is attributed to the adsorbed water (hydroxyl groups) contained on the surface. The O2 appears at mid-level 
binding energy 533.1 due to low oxygen defects. All sample survey scans have confirmed the as-synthesized 
CuCo2O4-Ni(OH)2 NWAs.   

 

 
Figure 3. Representative SEM images with different magnifications of (a-c) CuCo2O4 nanowire and (d-f) 

hierarchical CuCo2O4-Ni(OH)2 core-shell NWAs on Ni foam. 
 

The morphological structures of CuCo2O4 nanowire and CuCo2O4-Ni(OH)2 core-shell nanowire arrays 
(NWAs) were investigated by Scanning Electron Microscopy (SEM) with low and high magnifications. Figure 
3a-c reveals the high-density grass-like CuCo2O4 nanowires deposited onto the entire Ni foam substrate. The 
magnified image shows the CuCo2O4 nanowire within the uniform length of ~300 nm, accompanied by 
shrinkage from the length of ~45 nm on the bottom to ~15 nm on the top of nanowire arrays. Meanwhile, the 
fascinated structures are depicted in Figure 3d-f, which reveals the homogenous shells of Ni(OH)2 films within 
the length of ~70 nm to CuCo2O4 core and further to form CuCo2O4-Ni(OH)2 core-shell nanowire arrays 
(NWAs). It is noticeable that a unique core-shell structure can influence enlarging electron pathways, shorting 
ion diffusion, and improving surface/interface interaction between electrode and electrolyte.  

 

 
Figure 4. (a) TEM image of CuCo2O4 nanowire; (b-c) Low and high magnification TEM images of the 

hierarchical CuCo2O4-Ni(OH)2 core-shell NWAs; (d) HRTEM image of the as-prepared CuCo2O4-Ni(OH)2 
core-shell NWAs. 

 
More details of the microstructure of the as-prepared CuCo2O4 NW and CuCo2O4-Ni(OH)2 NWAs are 

investigated by TEM and HRTEM analysis. As shown in Figure 4a, the prevalent CuCo2O4 with 1D nanowire 
arrays are grown vertically on the Ni foam surface. Figure 4b-c shows the notable alteration that has happened 
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to develop core-shell nanostructures of CuCo2O4-Ni(OH)2 NWAs consisting of small mesopore structures. 
The initial CuCo2O4 has been perpendicularly fledged by ultrathin Ni(OH)2  nanowire arrays. The size of 
CuCo2O4-Ni(OH)2 NWAs estimated in several nanometers further boosts active interfacial sites and facilitates 
faster electron transport pathways to introduce more significant pseudocapacitance properties. The HRTEM 
result is displayed in Figure 4e, with polycrystalline structure, and the core-shell of CuCo2O4-Ni(OH)2 NWAs is 
investigated. The lattice fringes show the d-size of about 0.28 nm and 0.23, which are well-attributed to (220) 
and (001) planes of cubic CuCo2O4 and hexagonal Ni(OH)2, respectively. 

To measure the specific surface area and pore size distribution of materials, powder samples were 
characterized by nitrogen adsorption-desorption isotherm at 77 K. To determine the specific surface area, 
Brunauer-Emmet-Teller (BET) method was calculated for both materials. 

 

 
Figure 5. N2 adsorption-desorption isotherms and pore size distribution curves (insets) for (a) CuCo2O4 

nanowire and (b) CuCo2O4-Ni(OH)2 core-shell NWAs. 
 

Figure 5b shows that CuCo2O4-Ni(OH)2 NWAs have a specific surface area of 52.6 m2 g-1, which is higher 
than CuCo2O4 (~30.9 m2 g-1) in Figure 5a. The corresponding pores size distribution was measured by Barrett-
Joyner-Halenda (BJH) calculation. The pore size distribution of CuCo2O4 and CuCo2O4-Ni(OH)2 NWAs is 5.63 
nm and 7.53 nm, respectively, which indicates both as-prepared samples are mesoporous materials. All the as-
reported properties have significantly increased CuCo2O4-Ni(OH)2 NWAs characteristics. They are very 
desirable for supercapacitors application, specifically to the capability of faster ion transfer and contact between 
material and electrolyte. 

 
Discussion 
Electrochemical Properties 

The main objective of this research is to investigate the materials as an appropriate electrodes in 
supercapacitors application. Hence, further analysis is required to determine the electrochemical properties of 
CuCo2O4 and CuCo2O4-Ni(OH)2. 

 
 

Figure 6. (a) CV comparison curves of CuCo2O4 NW and CuCo2O4-Ni(OH)2 NWAs obtained at scan rates 2 
mV s-1; (b) CV curves of CuCo2O4-Ni(OH)2 NWAs obtained at different scan rates. 

 
All electrochemical performance evaluations were carried out in a three-electrode system. Both materials' 

cyclic voltammetry (CV) test was performed within the potential range of -0.1 to 0.6 V at different scan rates, 
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displayed in Figures 6a-b. The compared CV curves of CuCo2O4 NW and the hierarchical CuCo2O4-Ni(OH)2 
NWAs at 2 mV s-1 are shown in Figure 6a. From all curves, the perceptible redox peaks could be noticed, which 
indicates the occurrence of faradaic reactions. However, the CuCo2O4-Ni(OH)2 NWAs significantly magnify the 
curve area rather than CuCo2O4, which is ascribed to the higher electrochemical activity on its hybrid core-shell 
nanowires structures. It also indicates that the electrode has larger capacitance and good surface area, which is 
credited to the build-up of Ni(OH)2 onto the core material(K. Zhang et al., 2015). Figure 6b depicts the CV 
curves of CuCo2O4-Ni(OH)2 NWAs in different scan rates to observe more details. The redox peaks are still 
founded, marking the material has the essence of pseudocapacitive behavior. 

 

 
Figure 7. (a-b) Galvanostatic charge-discharge curves of CuCo2O4 NW and CuCo2O4-Ni(OH)2 NWAs at 
different current densities; (c) Specific capacitances of CuCo2O4 NW (red curve) and CuCo2O4-Ni(OH)2 

NWAs (blue curve) calculated at various current densities; (d) the cycling performance of CuCo2O4-Ni(OH)2 
NWAs electrode. 

 
Galvanostatic charge-discharge (GCD) evaluation was tested within voltage window range of 0 to 0.5 V in 

various current densities (1, 5, 10, 20, 40 mA g-1). Figure 7a-b displays the charge-discharge curves of CuCo2O4 
NW and CuCo2O4-Ni(OH)2 NWAs, which both of them show distinct triangular symmetry areas resembling 
CV curves and denote the pseudocapacitive properties. The linear slopes transpired at low current densities of 
1 to 10 mA g-1 for CuCo2O4 NW, indirectly estimating the morphology of a single CuCo2O4 nanowire impacts 
the reaction mechanism during the charge-discharge process. It also can be seen that the CuCo2O4-Ni(OH)2 
NWAs have a longer timespan than CuCo2O4 NW, which is attributed to high active electro ion adsorption-
desorption within the electrode/electrolyte interface during the charge-discharge process. Subsequently, the 
charge-discharge curve of CuCo2O4-Ni(OH)2 NWAs observed in near symmetry afford high coulombic 
efficiency and lower polarization within the electrode components. The specific capacitance was calculated from 
the slope of the discharged curve by using Equation (1). Figure 7c displays the specific capacitance of each 
electrode at different current densities. 

The compared curve shows that the CuCo2O4-Ni(OH)2 NWAs possess the uppermost specific capacitance 
of 1201.67 A g-1 at a current density of 1 mA g-1, which altered to 586.67 A g-1 at the higher current density of 
40 mA g-1. Meanwhile, the CuCo2O4 NW delivers 638.89 A g-1 at a current density of 1 mA g-1 and drops to 
217.78 A g-1 at 40 mA g-1. The different curves also give the noticeable fact that the CuCo2O4-Ni(OH)2 NWAs 
have much more stability to retain the capacitance with different applied current densities. Remarkably, this 
specific capacitance is significantly higher than those of reported CuCo2O4-based material for supercapacitors, 
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such as CuCo2O4 maguey-like nanowires (982 F g-1 at 1.5 A g-1)(Liao et al., 2017), core-shell CuCo2O4@MnO2 
hetero-structured nanowire arrays on carbon fabrics (714 mF cm -2 at 1 mA cm-2)(Wang  et al., 2014), and 
hierarchical CuCo2O4@CuCo2O4 nanowire arrays (888.9 F g-1 at 2 mA cm-2)(Y. Zhang et al., 2017). 

Furthermore, cycling performance is another crucial factor to anticipate in the practical modes of 
supercapacitors. As depicted in Figure 7d, the capacitance at 5 mA g-1 alleviated in a minuscule number after 
1000 cycles. It strongly keeps almost 84% capacitance retention from the initial capacitance, inherited by the 
good electrochemical stability on the electrode. This stunning cycling performance and another electrochemical 
property might be attributed to the following virtues of CuCo2O4-Ni(OH)2 nanowire arrays electrode: (i) the 
core-shell nanostructure of CuCo2O4-Ni(OH)2 NWAs possess high surface area, consequently provides much 
more electroactive sites for boosting electrochemical reactions41; (ii) the usage of Ni foam as a binder-free 
electrode and directly grown by CuCo2O4-Ni(OH)2 NWAs, rendering open network pathways of 
electrolyte/electrode contact, henceforth paving more ion diffusion to the electrode(L. Zhang et al., 2013); (iii) 
the in-situ growth of CuCo2O4-Ni(OH)2 NWAs on Ni foam by the hydrothermal method have enticed 
indomitable mechanical adhesion which fosters good electrical conductivity into the electrode(L. Zhang et al., 
2016). 

 

 
Figure 8. (a) The calculated Ragone plot of prepared electrodes; (b) The Nyquist plots of the EIS test with the 

frequency range of 0.01 Hz o 100 kHz. The magnified high-frequency region (inset). 
 

The Ragone plots of CuCo2O4-Ni(OH)2 NWAs and CuCo2O4 NW electrodes are displayed in Figure 8a. At 
a 73.33 Wh kg-1, the CuCo2O4-Ni(OH)2 NWAs present a much greater power density of 5.56 kW kg-1 than 
the CuCo2O4 NW electrode (power density 4.16 kW kg-1 at an energy density of 27.22 Wh kg-1). Surprisingly, 
even at a higher energy density of 107.21 Wh kg-1, the CuCo2O4-Ni(OH)2 NWAs capable of detaining a power 
density of 1.38 kW kg-1. The higher power density of CuCo2O4-Ni(OH)2 NWAs is owing to the multitudinous 
oxidation states of redox reactions in the electrodes(Yin et al., 2015). 

EIS study is another critical parameter for investigating electrochemical processes of supercapacitors 
electrodes. As shown in Figure 8b, the x-axis of the magnified high-frequency region symbolizes the equivalent 
series resistance (ESR), which involves three main resistances to the ionic electrolyte, the electrodes' active 
material, and the electrode interface and electrolyte. Seemingly, the CuCo2O4-Ni(OH)2 NWAs (~1.09 Ω) present 
the lowest ESR, revealing that the core-shell NWAs have better electrical conductivity. The Nyquist plot of 
CuCo2O4-Ni(OH)2 NWAs also shows the tiniest semicircle shape,  which evident more active ion movement 
and lower charge transfer resistance than CuCo2O4 NW. Moreover, in the low-frequency range, the slope of the 
CuCo2O4-Ni(OH)2 NWAs curve visibly shows more vertical lines, thus confirming better capacitive features 
followed by lower diffusion resistance(Hong et al., 2014). EIS study has again consistently demonstrated that 
CuCo2O4-Ni(OH)2 NWAs own the highest electrochemical properties. 

 

Conclusion 
We have successfully fabricated CuCo2O4-Ni(OH)2 core-shell nanowire arrays via facile and cost-

effective two-step hydrothermal process. The obtained CuCo2O4-Ni(OH)2, incorporated by unique core-shell 
nanowire arrays, has capably attained great synergistic effects and significantly enhanced capacitance of 1201.67 
F g-1 at 1 mA g-1 and remarkable power density of  5.56 kW kg-1 at energy density 73.33 Wh kg-1. Astonishingly, 
at a higher energy density of 107.21 Wh kg-1, it is still capable of retaining a power density of 1.38 kW kg-1, 
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accompanied by good long-term cycling performance (~84 capacitance retention after 1000 cycles). From all the 
results, we believe a significant increment in electrochemical properties shows that CuCo2O4-Ni(OH)2 core-shell 
nanowire arrays are very desirable for battery-type supercapacitors. 
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