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Abstract: 

Synthesis of three-dimensional (3D) porous current collectors is a pioneering strategy 

to improve the energy density and power density of wire-like supercapacitors. The 

strategy is further promoted in this work by synthesizing multi-scale 3D porous 

current collectors with secondary nanostructured metals on the surface. Through the 

proposed nano ‘reinforced concrete’ mechanism at the micron scale, Ni and graphene 

oxide (GO) are synergistically co-deposited on the surface of Ni wires, forming a 

macroporous skeleton with tunable thickness. Cu is further synthesized on the Ni-GO 

macroporous skeleton through a structural catalyzed electroless deposition. The 

resultant Cu@Ni-GO exhibits a 3D porous structure covered with secondary Cu 

nanosheets. Cu@Ni-GO and Ni-GO are used as current collectors for negative and 

positive electrodes, respectively, while active materials are in situ formed on each 

electrode through surface oxidation. The negative electrodes and positive electrodes 

exhibit the excellent electrochemical performance with volumetric capacitances of 

510.7 F/cm3 and 235.2 F/cm3, respectively. Asymmetric wire-like supercapacitors are 

also developed, showing a very high energy density of 30.2 mWh/cm3. The 

application potential of wire-like supercapacitors is demonstrated by powering a LED 

array and an electronic watch. 

 

Keywords: wire-like supercapacitor, Cu, Ni-GO, electroless deposition, structural 
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1 Introduction 

Flexible energy storage devices have attracted increasing interest due to their 

significance in wearable electronics and functional clothes. Among various flexible 

energy storage devices, fiber/wire-like energy storage devices exhibit unique 

advantages due to their capability of being integrated and weaved into smart clothes. 

In this field, aqueous fiber/wire-like supercapacitors demonstrated relatively high 
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potential when compared to batteries in terms of safety, energy density and power 

density [1, 2]. However, the energy densities of state-of-the-art fiber/wire-like 

supercapacitors are not high, and sometimes even much lower than their counterparts 

of flat shape. Thus, the topic for improving the energy densities of fiber/wire-like 

supercapacitors is an urgent challenge in the research field of advanced 

nanotechnologies.  

 

Flexible fiber/wire-like electrodes of supercapacitors usually consist of a flexible 

electrically conducting core and immobilized active materials, in which the core can 

be carbon-based fibers [3-5], metal coated fibers [6, 7] and metal wires [8-10]. Carbon 

fibers act as both conducting core and active materials, endowing the corresponding 

supercapacitors with simple structures and good electrochemical properties. 

Nevertheless, aqueous carbon-based fiber/wire-like supercapacitors have limited 

energy densities due to their low specific capacitance and narrow working potential 

window [11-13]. Metal oxide-based fiber/wire-like pseudosupercapacitors exhibited 

improved energy densities due to their high specific capacitance and relatively large 

working potential windows (1.5 – 2.0 V) [9, 14]. The fiber/wire-like electrodes were 

synthesized via in situ growth of nanostructured metal oxides on conducting current 

collectors through different methods such as electrochemical deposition [15, 16] and 

hydrothermal deposition [17, 18]. Nanostructured active materials often exhibit 

excellent specific capacitance due to their large specific surface areas and short 

electronic transfer path, but the mass loading of active materials is limited due to the 

thin nanostructured active materials.  

 

To improve the energy density of fiber/wire-like supercapacitors, electrodes with 3D 

porous current collectors were synthesized. Compared to the simple conducting wires, 

3D porous wire-like current collectors have much larger surface areas, and therefore 

can bear larger quantity of nanostructured active materials, leading to the elevated 

capacitance of total electrodes [19, 20]. A basic strategy of synthesizing 3D porous 

wire-like current collectors is to deposit 3D porous metal films on conducting wires, 

in which a 3D porous Ni film on Ni wires was synthesized through the bubble assisted 

electrodeposition, and then nanostructured metal oxides were further synthesized on 

the 3D porous substrates [21, 22]. As this kind of 3D porous Ni film was synthesized 

with the assistance of randomly generated hydrogen bubbles, the structural and 

mechanical properties cannot be well controlled. More advanced nanotechnologies are 

desired to synthesize 3D porous current collectors with controllable structures and 

properties. 

 

In this work, 3D porous wire-like electrodes with tunable structure and thickness were 

synthesized through a nano ‘reinforced concrete’ strategy. Graphene oxide (GO) was 

adsorbed on the surface of activated Ni wires, and then the deposition of Ni quickly 

spread from Ni wires to the surface of GO. Thus, GO was immobilized on the surface 

of Ni wires in a 3D geometry. The synergistic deposition of GO and Ni was 

spontaneously repeated for many times, and the 3D macroporous Ni-GO was 
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eventually formed on the surface of Ni wires. The structure of wires was similar to 

that of reinforced concrete, in which Ni and GO functioned as the adhesive and the 

reinforced material, respectively. The thickness of the porous Ni-GO film was 

determined by the number of stacking layers of GO, and the porous Ni-GO layer can 

be built up to hundreds of microns. The macroporous Ni-GO layer functioned as the 

skeleton to synthesize Cu nanosheets through structural catalyzed electroless 

deposition. Both 3D porous Ni-GO skeleton and Cu nanosheets on the Ni-GO 

skeleton exhibited large surface areas, which were directly used as positive and 

negative electrodes, respectively. In an alkaline solution, Ni(OH)2 and Cu2O would be 

in situ formed as the active materials on the surface of Cu and Ni, respectively. The 

details of in situ formation of Ni(OH)2 from Ni current collectors with large surface 

area can be referred to our previous work [23, 24]. Cu2O was mostly reported as the 

positive electrode in literature [25, 26], but seldom as the negative electrode due to the 

large volume change (about 68%) during the redox process between Cu and Cu2O. 

Nevertheless, electrodes with in situ formed active materials through surface 

oxidation could accommodate the volume change of active materials during the redox 

process [27]. Ascribed to the large surface area of multi-scaled 3D porous structure, 

the Cu@Ni-GO electrodes exhibited the excellent electrochemical performance with 

an areal capacitance of 4.47 F/cm2. Asymmetry wire-like supercapacitors were 

fabricated, achieving a very high energy density of 30.2 mWh/cm3. 

 

 

2 Experiments  

2.1 Materials  

Nickel sulfate hexahydrate (Aladdin), palladium(II) chloride (Alfa Aesar), silver 

nitrate (International Laboratory of USA), copper sulfate pentahydrate (Aladdin), 

lactic acid (International Laboratory of USA), GO aqueous dispersion (Carmery), 

borane dimethylamine complex (DMAB) (Acros Organics), sodium hydroxide 

(International Laboratory of USA), potassium sodium tartrate tetrahydrate (Aladdin), 

palladium ammonium (International Laboratory of USA), sodium citrate dehydrate 

(Fisher), and formaldehyde solution (Macklin) were used as received. 

 

2.2 Synthesis of Cu dendrites and Ni nanopheres  

Cu and Ni were synthesized through the modified electroless deposition method 

reported in literature [28]. Ni wires with different diameters (0.2 mm, 0.1 mm and 

0.05 mm) were immersed in 0.2% (w/w) PdCl2 solution for 1 min to form a very thin 

Pd catalytic layer on the surface of Ni wires through the displacement reaction. The 

Ni wires bearing Pd catalyst were rinsed with de-ionized (DI) water, and then 

immersed in the Cu plating solution containing 52 mM CuSO4, 300 mM NaOH, 100 

mM potassium sodium tartrate and 115 mM HCHO. The reaction was carried out for 

3 h, and then Cu dendrites were formed.  

 

The Ni wires with Cu dendrites were rinsed with DI water, and then immersed in the 

Ni plating solution. The plating solution contained 14 mM nickel sulfate, 6.8 mM 



 4 

sodium citrate, and 11 mM lactic acid, with the pH of 8.5 adjusted by adding 

ammonia solution. Ni was then plated on the surface of Cu dendrites. The plating 

reaction was slow in the initial stage for about 10 min, and hydrogen bubbles were 

adsorbed on the surface of Ni wires. In the second stage, the bubbles on the surface of 

Ni wire were suddenly exploded and the plating reaction thrived. The plating reaction 

in the second stage was carried out for several mins, and then Ni nanoclusters were 

formed on the surface of Cu dendrites. 

 

2.3 Synthesis of Ni-GO macroporous structure  

After synthesized Ni nanoclusters on Cu dendrites, the Ni wires had high catalytic 

activity for electroless deposition. The Ni wires bearing Ni nanoclusters on Cu 

dendrites were transferred to a Ni-GO co-deposition solution that was prepared by 

adding GO dispersion in the Ni plating solution. The GO concentration was 20 

mg/mL, and the pH of the solution was adjusted to 7.5. The reaction was carried out 

for about 6 h, and then the Ni wires were rinsed with DI water. The macroporous 

Ni-GO was synthesized through the synergistic deposition of Ni and GO on the 

surface of Ni wires (NiW). 

 

2.4 Synthesis of Cu nanosheets on macroporous Ni-GO 

Ni wires with the macroporous Ni-GO were immersed in the same Cu plating solution 

for plating the first Cu layer. The reaction was carried out for 3 h. Then, Cu 

nanosheets were synthesized on the surface of macroporous Ni-GO. 

 

2.5 Characterizations 

The structures of Ni-GO@NiW and Cu@Ni-GO@NiW electrodes at different 

synthesis stages were characterized through scanning electron microscopy (SEM) 

(TESCAN VEGA3). The components on the surface of the electrodes were 

characterized by X-ray photoelectron spectroscopy (XPS) (Thermo ESCALAB 

250XI), and the C1s peak was 286.2 eV.  

 

2.6 Electrochemical tests 

Ni-GO@NiW and Cu@Ni-GO@NiW were tested as positive and negative electrodes, 

respectively, while Ni(OH)2 and Cu2O active materials were in situ formed through 

the surface oxidation of the electrodes in alkaline electrolyte. The test was carried out 

on an electrochemical station (EC-Lab), and 1.5 M KOH was used as the electrolyte. 

Before tested as positive electrodes, Ni-GO@NiW was pretreated by immersing into 

20 ppm PdCl2 solution for 1 h to increase the surface roughness and area. Both 

electrodes were tested with a working length of 2.0 cm, and a Pt wire and Ag/AgCl 

were used as the counter electrode and reference electrode, respectively. Cyclic 

voltammetry (CV), galvanic charge discharge (GCD) and electro impedance 

spectroscopy (EIS) tests were carried out. Asymmetric supercapacitors were 

fabricated using Ni-GO@NiW and Cu@Ni-GO@NiW as positive and negative 

electrodes, respectively. Wire-like supercapacitors were fabricated by sealing two 

parallel electrodes in a silicone tube, and the ends were sealed by thermal shrinking 
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plastic tubes.  

 

The specific capacitances of electrodes and devices were calculated through GCD 

curves by the following equations:  

 

𝐶𝑠 = 𝐼𝑡/𝑠∆𝑉                 (1) 

𝐶𝑣 = 𝐼𝑡/𝑣∆𝑉                 (2) 

 

where Cs is the areal specific capacitance, Cv is the volumetric specific capacitance, I 

is the discharge current, t is the discharge time, s is the surface area of the electrodes, 

v is the volume of the total electrodes, and ΔV is the discharge potential window.  

 

The energy density of supercapacitors was calculated through the integration of GCD 

discharge curves: 

𝐸𝑣 = ∫ 𝐼𝑈(𝑡)𝑑𝑡
𝑡

0
                 (3) 

 

where Ev is the volumetric energy density and U(t) is the discharge potential. 

 

3 Results and Discussion 

 

 

Figure 1 Scheme of the synthesis process of Cu@Ni-GO wire electrodes. 

 

Macroporous electrodes with multi-scale nanostructures were synthesized through the 

sequential electroless deposition of Ni and Cu, which is shown in Figure 1. Cu 

dendrites, Ni nanoclusters, macroporous Ni-GO, and Cu nanosheets were sequentially 

formed on the surface of Ni wires via different mechanisms. The first layer of Cu 

dendrites and the second layer of Ni nanoclusters were formed through the ionic 

diffusion effect in the dilute plating solution, which were discussed in our previous 
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work [23]. The third layer of macroporous Ni-GO was formed through the nano 

‘reinforced concrete’ mechanism in which Ni and GO were synergistically deposited 

on the surface. The 3D geometry of the GO assisted the formation of 3D porous 

Ni-GO. The fourth layer of Cu nanosheets was formed through the surface catalyzed 

electroless deposition mechanism, and the growth rate and direction were greatly 

affected by the Ni-GO substrate. The Cu dendrites and Ni nanoclusters were deposited 

on Ni wires to activate the surface of Ni wires, which were covered by the subsequent 

layers. The Cu nanosheets on porous Ni-GO skeleton had a 3D multi-scale structure 

enabling the Ni wires with large surface area. Ni wires bearing Cu nanosheets on 

macroporous Ni-GO skeleton (Cu@Ni-GO@NiW) would be the excellent current 

collectors due to the large surface area and efficient electronic transfer path.  

 

 

Figure 2 SEM images of (a) a pristine Ni wire and a Ni wire sequential deposited with 

(b, c) Cu dendrites, (d, e) Ni nanoclusters, (f, g) a Ni-GO macroporous skeleton with 

Ni nanopheres, and (h, i) Cu nanosheets with lateral dendrites.   

 

Cu@Ni-GO@NiW had the 3D porous structure at micron scale and secondary Cu 

nanosheets at nano scale. The multi-scale structure of Cu@Ni-GO@NiW at different 

synthesis stages were characterized by SEM as shown in Figure 2. The pristine Ni 

wire exhibited a relative smooth surface (Figure 2a). With the diffusion-controlled Cu 

deposition in a low concentration of Cu2+ (~50 mM), the Cu dendrites with a height of 

several microns were formed and deposited on the Ni surface as shown in Figures 2b 

and c. If the diffusion of Cu2+ was interfered by strong agitation, irregular Cu clusters 
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were formed instead (Supporting information, Figure S1), suggesting the significance 

of Cu2+ diffusion in the formation of Cu dendrites. The second layer of Ni 

nanoclusters with the diameters of within 100 nm is shown in Figures 2d and e. The 

tinny Ni nanoclusters were formed throughout the surface of Cu dendrites, which was 

further confirmed by EDX mapping characterization (Supporting information, Figure 

S2). The Ni nanoclusters increased the surface roughness and area of Ni wires, 

facilitating the enhancement of the surface catalytic activity because metal surfaces 

with larger surface area and more sharp points would generally offer higher surface 

energy [29, 30].  

 

Subsequently, macroporous Ni-GO was synthesized through the co-deposition of Ni 

and GO that was a synergistic process in which a balanced deposition rate of Ni and 

GO was required. The electroless deposition was carried out at a low concentration of 

Ni2+ (14 mM), and the deposition of Ni could not occur on the pristine Ni wires with 

the sole involvement of Pd catalyst. This indicates that the deposition of Ni could not 

occur only via the catalysis of pristine metal, so the catalytic effect should be 

improved by a special structural design. In this work, Ni wires with Ni nanoclusters 

on Cu dendrites were prepared as the substrate with high catalytic activity. In the 

synergistic deposition process, the deposition of Ni and GO was carried out via the 

‘reinforced concrete’ mechanism in which Ni and GO functioned as the adhesive and 

reinforced material, respectively. The 3D geometry of GO endowed the resultant 

Ni-GO with the macroporous structure. Through the repeated alternative deposition of 

Ni and GO, the thickness of macroporous Ni-GO could be built up to hundreds of 

microns. The SEM images (Figures 2f and g) show that Ni nano hemispheres with 

diameters ranging from 200 nm to 500 nm were formed on the wall of the 

macroporous Ni-GO skeleton. The Ni nano hemispheres were formed through the 

diffusion effect of Ni ions in the synthesis process, which could greatly enlarge the 

surface area of macroporous Ni-GO layer. The surface area of the macroporous 

Ni-GO layer was evaluated through a double-layer method [23, 24]. Compared to the 

pristine Ni wire, the surface area of Ni wires with the macroporous Ni-GO layer 

(Ni-GO@NiW) was enlarged by 99.3 times (Supporting information, Figure S3). 

Though Ni-GO@NiW had the large surface area due to its 3D macroporous structure, 

its surface area can be further enhanced by depositing other nanostructured materials 

on the macroporous Ni-GO as a skeleton. With the deposition of Cu nanosheets on the 

macroporous Ni-GO skeleton, the resultant Cu@Ni-GO@NiW exhibited a 3D 

multi-scale structure as shown in Figures 2h and i. Besides the main Cu nanosheets 

with a thickness of ~5 μm, the secondary tinny Cu nanosheets with a thickness of 1 – 

2 μm were grown laterally on the surface of main Cu nanosheets, resulting in the 

much larger surface area. Compared to the Ni wires with Cu dendrites on the first 

layer, the surface area of Cu@Ni-GO@NiW was improved by 14.4 times through the 

double-layer capacitance test (Supporting information, Figure S4) due to the 3D 

multi-scale porous structure. 
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Figure 3 SEM images of the evolution of (a – d) Cu dendrites, (e – h) Ni nanoclusters, 

(i – l) macroporous Ni-GO structure, and (m – p) Cu sheets with lateral dendrites. 

 

The Cu@Ni-GO@NiW with the 3D multi-scale porous structure was synthesized 

through a series of spontaneous growth process, and the detailed structural evolution 

in each stage is displayed by a series of SEM images (Figure 3). For the first layer of 

Cu dendrites, the electroless deposition of Cu was initiated by the Pd catalyst on the 

Ni wires, and then sustained through the self-catalysis mechanism by the initially 

deposited Cu. The deposition of Cu on the surface of Ni wires was a non-uniform 

process under the condition of low concentration of Cu2+ without agitation due to 

diffusion effect. When the deposition reaction was carried out for 1 h, tiny Cu 

protrusions with the size of ~200 nm and prismatic shape appeared (Figure 3a). The 

tip of Cu protrusions grew faster than the surrounding areas, and the Cu protrusions 

enlarged as the reaction time was prolonged. When the reaction was carried out for 3 

h, the Cu dendrites with the height of several microns were formed (Figure 3c). The 

Cu dendrites had no apparent change in size and shape even the deposition process 
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was further extended up to 6 h, indicating that the deposition of Cu reached 

equilibrium. It should be noted that through observing the generation of CO2 bubbles 

as a byproduct during the Cu deposition process, the deposition process was greatly 

accelerated when the Cu dendrites were formed, indicating that the Cu dendrites 

exhibited an additional catalytic effect for the electroless deposition. 

 

Though the Ni wires with Cu dendrites exhibited the improved catalytic activity due 

to the larger surface areas and more sharp points, the electroless deposition of Ni on 

Ni wires with Cu dendrites still could not happen at the designed pH condition (pH = 

7.5). To further improve the surface catalytic activity for the electroless deposition of 

Ni, Ni nanoclusters was synthesized on the surface of Cu dendrites at the slightly 

higher pH condition (pH = 8.5) (Figures 3e – h). The formation of Ni nanoclusters 

was a two-stage process. In the first stage, the reaction rate was very slow, and no 

apparent change on the surface could be observed. Besides, all the generated 

hydrogen gas was adsorbed on the surface of Ni wires such that no bubble was 

observed in the solution. The quiet reaction lasted for ~10 min. In the second stage, 

the accumulated hydrogen gas suddenly exploded throughout the surface of Ni wires. 

The generation of hydrogen bubbles was extremely vigorous, and the color of the 

surface quickly changed from brown to pale, indicating the significant increased 

deposition rate of Ni. With the fast deposition of Ni, the Ni nanoclusters were formed 

within several tens of seconds (Figures 3f – g). The Ni nanoclusters enlarged as the 

reaction time was prolonged, which were finally immerged with each other and 

formed Ni microclusters. When compared with Ni nanoclusters on Cu dendrites, the 

Ni microclusters had weaker catalytic activity due to their reduced sharp points and 

surface area.   

 

With the integration of pristine catalysis by metal atoms and structural catalysis by Ni 

nanoclusters on the Cu dendrites, the co-deposition of Ni and GO was successfully 

carried out. At the initial stage, GO was physically adsorbed on the surface, and then 

Ni quickly spread on the GO surface from the Ni wires as shown in Figures 3i – l. 

Consequently, the physically adsorbed GO was firmly immobilized by the Ni film, 

and the 3D geometry of GO endowed the Ni-GO assembly with a 3D porous structure. 

As the processes of physical adsorption of GO and immobilization by Ni repeated, the 

Ni-GO assembly stacked on the surface and formed the macroporous Ni-GO skeleton. 

The thickness of porous Ni-GO was determined by the reaction (deposition) time, 

which could reach hundreds of microns.  

 

The macroporous Ni-GO with large surface area was used as a substrate to grow the 

nanostructured Cu. The Ni-GO layer not only had the large surface area, but also the 

high catalytic activity. On the contrary to the Cu dendrites formed on the pristine Ni 

wires, Cu nanosheets were formed on the surface of porous Ni-GO under the same 

synthesis condition (Figures 3m – p, and Supporting information, Figure S5). The 

results demonstrated that the structural catalysis effect of the macroporous Ni-GO 

skeleton greatly affected the final structure of the nanostructured Cu. Ascribed to the 
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high catalytic activity of the Ni-GO substrates, Cu grew rapidly and exhibited a sharp 

needle structure at the first 40 mins (Figure 3n). Then, Cu grew two-dimensionally 

(2D) and formed the nanosheet structure at the reaction time of 1 h (Figure 3o). As the 

reaction time further prolonged, the nanosheet structure retained.  

 

 

 

Figure 4 Electrochemical performance of Ni-GO positive electrodes: (a) CV curves at 

different scan rates, (b) GCD curves at different current densities, (c) EIS curve (inset: 

EIS curve at the high-frequency region), (d) long cycle performance with CV test at 

the scan rate of 10 mV/s, (e) volumetric capacitance of electrodes synthesized by Ni 

wires with different diameters, and (f) volumetric capacitance of Ni-GO and 

Pd@Ni-GO electrodes synthesized at different pH conditions.   
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With the large surface area, the macroporous Ni-GO@NiW was expected to be a good 

current collector. When Ni-GO@NiW was immersed in an alkaline electrolyte, 

Ni(OH)2 active material was in situ formed due to the surface oxidation of Ni. The 

resultant Ni(OH)2@Ni-GO@NiW was tested as positive electrodes, and the 

electrochemical performance is shown in Figure 4. Redox peaks in CV curves (Figure 

4a) indicate that the capacitance of Ni(OH)2@Ni-GO@NiW electrodes was mainly 

originated from the faradic mechanism. Through GCD test with different current 

densities (Figure 4b), the Ni(OH)2@Ni-GO@NiW electrode exhibited good linear 

specific capacitances of 0.285, 0.269, 0.266, 0.264, 0.255 F/cm at the current densities 

of 0.05, 0.10, 0.15, 0.25, 0.50 mA/cm, respectively. The 0.6 mm-diameter 

Ni(OH)2@Ni-GO@NiW electrodes had areal specific capacitances of 1.51, 1.43, 1.41, 

1.40 and 1.35 F/cm2 at the current densities of 0.26, 0.53, 0.80, 1.33 and 2.65 mA/cm2, 

respectively. 89% of capacitance could be retained even when the current density was 

increased by 10 times, indicating that the electrode had a very good rate capability. 

The serial equivalent resistance (ESR) of Ni-GO electrode was 1.8 Ω according to the 

x-axial intercept of the EIS curve (Figure 4c). No apparent semi-circle was observed 

at the high-frequency region, indicating that the charge transfer resistance was very 

small. The high rate capability and low resistance of the electrode were ascribed to (1) 

the in situ formed active materials led to intimate contact between active materials 

and current collectors, and (2) the 3D porous structure of current collector facilitated 

the fast ionic transfer between electrolyte and active materials. Due to the high 

accommodation to the volume change of active materials during the charge and 

discharge processes, the in situ formed Ni(OH)2 active materials also facilitated the 

long cycle performance of the electrodes. The long cycle performance of 

Ni(OH)2@Ni-GO@NiW electrodes was characterized by a continuous CV test up to 

10,000 cycles. As shown in Figure 4d, 118 % of original capacitance was retained. 

 

The highest volumetric capacitance of Ni(OH)2@Ni-GO@NiW electrode was 100.9 

F/cm3, but can still be improved because the crystalline Ni(OH)2 has the much higher 

theoretical capacitance (6563.6 F/cm3). An efficient method for further improving the 

capacitance is to increase the volumetric ratio of Ni(OH)2 and decrease the volumetric 

ratio of other materials and spacing. The Ni wire core and macropores occupied most 

of the dead volume that did not directly contribute to the capacitance of electrodes. 

The first approach was to reduce the volume ratio of the Ni wire core by employing 

the Ni wires with smaller diameters. Ni wires with small diameters (100 and 50 μm) 

were used as the substrate to synthesize the Ni(OH)2@Ni-GO@NiW electrodes for 

the comparison of volumetric capacitance (Figure 4e and Supporting information 

Figure S6). As the diameters of Ni wires decreased from 200 μm to 100 μm and 50 

μm, the volumetric capacitance of electrodes increased from 100.9 F/cm3 to 108.5 and 

122.7 F/cm3, respectively. This was consistent with the decreasing trend of volume 

ratio of Ni wires (11.1%, 4.9% and 3.0%, respectively). According to the EIS curves 

of electrodes (Supporting information, Figure S7), all the electrodes had very low 

ESR, suggesting that the Ni(OH)2@Ni-GO@NiW electrodes had high electrical 
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conductivity in both axial and lateral directions even though the diameter of the 

conducting core was reduced. The second approach was to reduce the volume ratio of 

pores and increase the volume ratio of Ni-GO in the porous Ni-GO layer 

simultaneously. The work was carried out by adjusting the pH value of the plating 

solution that could affect the deposition rate of Ni. The synergistic co-deposition of Ni 

and GO could only occur within a narrow pH region between 7.0 and 9.0. In the 

observation of experiments, the pH values of 7.5 – 8.0 were most suitable for the 

formation of robust macroporous Ni-GO structure, so the pH values of 7.5 and 8.0 

were chosen to synthesize the electrodes for comparison. Though the electrodes 

synthesized at different pH values showed the similar macroporous structure 

(Supporting information, Figure S8), the density of GO layer increased from 0.426 

g/cm3 to 0.495 g/cm3 when the pH value increased from 7.5 to 8.0. Correspondingly, 

the volumetric capacitance of the electrode increased by 35.9 % and reached 155.7 

F/cm3 by GCD test (Supporting information, Figure S9). 

 

As the active material of Ni(OH)2@Ni-GO@NiW electrodes was in situ generated 

from the surface oxidation, the surface area and morphology directly affected the 

capacitance of electrodes. To further improve the surface area of electrodes, one of 

facile approaches is to etch the surface by noble metal ions. Thus, the porous Ni-GO 

skeleton was slighted etched by dilute Pd ions through the galvanic displacing 

reaction. After etching, a thin Pd layer was formed on the surface of Ni-GO skeleton, 

which was evidenced by EDX and XPS characterizations (Supporting formation, 

Figures S10 and S11). The surface morphologies of the Ni-GO skeleton before and 

after etching are compared in Figure S12 (Supporting information), which show that 

Ni nano hemispheres were partly etched away and Pd nanoclusters with the size of 50 

– 100 nm were formed on the surface. The effect of Pd etching was further studied 

through etching a Ni wire with the same condition. After removed the Pd layer from 

the surface of Ni wire with the sonication treatment in DI water, the surface area of 

the etched Ni wire was enlarged by 228.7 % (Supporting information, Figure S13). 

The GCD test results (Figure 4f and Supporting information, Figure S14a) show that 

the capacitance of the etched Ni(OH)2@Ni-GO@NiW electrodes was improved by 

51.0 %, reaching 235.2 F/cm3. Besides, 103.8% of capacitance of etched 

Ni(OH)2@Ni-GO@NiW electrodes was retained after 6,600 cycles of continuous CV 

test (Supporting information, Figure S14b), indicating that the long cycle performance 

of electrodes was not deteriorated by the Pd etching. 
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Figure 5 Electrochemical performance of Cu@Ni-GO@NiW electrodes: (a) CV 

curves with the full potential range at the scan rate of 5 mV/s, (b) long cycle 

performance with the potential range relative to the formation of Cu(I) (-1.25 – -0.35 

V) and Cu(II) (-1.25 – 0.10 V), (c) CV curves at different scan rates, (d) GCD curves 

at different current densities, (e) EIS curve (inset: EIS curve at the high-frequency 

region), (f) photo of 100 separated Ni-GO@NiW electrodes, and (g) photo of a 10 

m-long Cu@Ni-GO@NiW electrode. 

 

The multi-scale 3D porous Cu@Ni-GO@NiW was also used as the current collectors, 

in which the surface of Cu can be oxidized into Cu2O and CuO in the alkaline solution 

at low negative potential [31]. The electrochemical performance of 
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Cu@Ni-GO@NiW is shown in Figure 5. Figure 5a shows the CV curve of 

Cu@Ni-GO@NiW electrodes with the potential ranging from the negative to positive 

region. Two oxidation peaks at -0.45 V and -0.1 V were observed in the CV curve, 

corresponding to the formation of Cu(I) and Cu(II) ions, respectively [32]. The 

reversibility in the formation of Cu(I) and Cu(II) ions was investigated by adjusting 

the redox potential. The scan potential range between -1.25 – -0.35 V corresponds to 

the Cu/Cu(II) redox reaction, while the scan potential range between -1.25 – 0.10 V 

corresponds to the Cu/Cu(I) reaction. According to the long cycle test as shown in 

Figure 5b, the Cu/Cu(II) redox reaction showed the very poor reversibility, in which 

56% of capacity was lost in the first 20 cycles and 90% of capacitance was degraded 

after 200 cycles. On the contrary, the Cu/Cu(I) redox reaction exhibited the very good 

reversibility that 85% of capacitance was retained at the end of 1,000 cycles. The 

difference is mainly attributed to the less volume change (68.1%) in the Cu/Cu(I) 

redox reaction when compared to the Cu/Cu(II) redox reaction (77.8%). Besides, 

another reason is that much less Cu atoms participated in the Cu/Cu(I) redox reaction 

at the low potential, which is indicated by the much smaller peak area of Cu/Cu(I) 

than that of Cu/Cu(II) in the CV curve as shown in Figure 5a.  

 

The good reversibility of the Cu/Cu(I) redox reaction endowed the Cu@Ni-GO@NiW 

electrodes with the excellent electrochemical performance as negative electrodes. The 

CV curves of Cu@Ni-GO@NiW electrodes at different scan rates are shown in 

Figure 5c. Besides the main oxidation peak at -0.45 V, there was a negative oxidation 

peak at -0.75 V corresponding to the physically adsorbed oxygen [32, 33]. The GCD 

curves of electrodes at different current densities (Figure 5d) show that the linear 

capacitances were 0.45, 0.47, 0.41, and 0.31 F/cm at the current densities of 0.05, 0.1, 

0.15, and 0.25 F/cm, respectively. The areal capacitances of the 0.35 mm-diameter 

electrode were 4.47, 4.26, 3.77, and 2.85 F/cm2 at the current densities of 0.45, 0.9, 

1.36 and 2.27 mA/cm2, respectively. The high specific capacitance of the 

Cu@Ni-GO@NiW electrode was ascribed to the multi-scale porous structures. 

Moreover, the Cu@Ni-GO@NiW electrode had a small ESR of 2.0 Ω as shown in 

Figure 5e, indicating the good electrical conductivity of the electrode. 

 

The synthesis process of both Cu@Ni-GO@NiW negative electrodes and 

Ni(OH)2@Ni-GO@NiW positive electrodes were highly scalable, which was 

demonstrated by the prototypes of 100 individual electrodes (Figure 5f) and a 10 

m-long electrode (Figure 5g). There was no extra difficulty to develop the 3D porous 

electrodes in large number or long length using the sequential multi-step structural 

catalyzed electroless deposition. 
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Figure 6 Electrochemical performance of Ni-GO//Cu@Ni-GO supercapacitor: (a) CV 

curves at different scan rates, (b) GCD curves at different current densities, (c) 

Ragone plot of this work and other reported work on wire-like supercapacitors, (d) 

EIS plots (inset: EIS curve at the high-frequency region), (e) long cycle performance 

at the scan rate of 10 mV/s, (f) bending test result of wire-like supercapacitors against 

the bending cycle, (g) demonstration of lighting a LED array by four serial-connected 

supercapacitors, (h) demonstration of powering up an electronic watch by two 

serial-connected supercapacitors, and (i) photo of a supercapacitor integrated on 

clothes as a trim.    

 

Ni(OH)2@Ni-GO@NiW//Cu@Ni-GO@NiW asymmetric supercapacitors were 

fabricated using Ni(OH)2@Ni-GO@NiW and Cu@Ni-GO@NiW as positive and 

negative electrodes, respectively, with 1.5 M KOH solution as the electrolyte. The 

electrochemical performance of the supercapacitor is shown in Figure 6. The CV 

curves at different scan rates in Figure 6a show the apparent redox peaks mainly 

ascribed to the faradic mechanism. Figure 6b shows that the supercapacitor exhibited 

linear capacitances of 0.22, 0.21, and 0.20 F/cm at the current densities of 0.05 

mA/cm, 0.10 mA/cm, and 0.15 mA/cm, respectively. Through doing the integration of 

discharge curves, the supercapacitor had very high energy densities of 30.2, 27.0, and 

24.1 mWh/cm3 at the power densities of 4.66, 8.51, and 12.2 mW/cm3, respectively. 

As shown in the Ragone plot (Figure 6c), the 

Ni(OH)2@Ni-GO@NiW//Cu@Ni-GO@NiW supercapacitor exhibited the much 

higher energy density than the recently reported wire-like supercapacitors such as 

CNT yarn supercapacitors (3.52 mWh/cm3) [3], CNT/GO microfiber supercapacitors 
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(6.3 mWh/cm3) [34], ppy@steel yarns supercapacitors (3.8 mWh/cm3) [35], rGO@Ni 

threads supercapacitors (6.1 mWh/cm3) [7], alginate/PEDOT:PSS@ppy 

supercapacitors (10.3 mWh/cm3) [36], graphene/MnO2 hybride supercapacitors (7.9 

mWh/cm3) [17], and Ti3C2Tx supercapacitors (26.2 mWh/cm3) [2]. According to the 

x-axial intercept of EIS curve (Figure 6c), the supercapacitor had an ESR of 4.4 Ω, 

which was consistent with the sum of the ESRs of both electrodes. The low ESR 

indicates that the device exhibited efficient electronic transportation paths throughout 

the 3D porous structures. The long cycle performance of the 

Ni(OH)2@Ni-GO@NiW//Cu@Ni-GO@NiW supercapacitor was characterized by 

running the CV test continuously for 3,000 cycles (Figure 6e). It was found that 84% 

and 60% of capacitance were retained after 1,000 and 3,000 charge-discharge cycles, 

respectively.  

 

The flexibility of the supercapacitor was tested by bending the device with different 

angles (Supporting information, Figure S15) and cycles (Figure 6f). The performance 

of supercapacitor showed no apparent degradation even bent up to 180 degree. 95% of 

the capacitance could be retained after continuously bent for more than 2,000 times. 

Furthermore, when the supercapacitor was bent with a large radius of curvature (1.5 

cm), the capacitance showed no degradation after 5,000 times as shown in Figure S16 

(Supporting information). Interestingly, the capacitance was found to slightly increase 

after cyclic bending. The reason is that the structural damage of the electrodes is 

minimized when the bending test is carried out at large radii of curvature, while the 

ionic transfer between the electrolyte and the electrode could be accelerated during 

the bending process. The application potential of the supercapacitor was demonstrated 

by powering a 11-LEDs array and an electronic watch (Figures 6g and h, respectively). 

The supercapacitor with the thinnest Ni current collector was mounted on clothes as a 

trim, suggesting that the wire-like supercapacitors are suitable to be integrated on 

smart clothes as energy storage devices.   

 

4 Conclusion 

With using the multi-step structural catalyzed electroless deposition method, the 

multi-scale 3D porous Cu@Ni-GO@NiW electrodes were synthesized successfully. 

After performed the four-step electroless deposition, Cu dendrites, Ni nanoclusters, 

macroporous Ni-GO skeleton, and Cu nanosheets were sequentially synthesized on 

the surface of Ni wires. The Cu dendrites and Ni nanoclusters were formed via the 

diffusion-controlled deposition mechanism, which were used to enhance the structural 

catalytic effect of the Ni surface. The macroporous Ni-GO skeleton was synthesized 

through the synergistic co-deposition of Ni and GO via the idea of nano ‘reinforced 

concrete’. Ni and GO were alternatively deposited on the surface, which served the 

functions of adhesion and reinforcement, respectively. The Cu nanosheets were 

further synthesized on the surface of porous Ni-GO skeleton via the structural 

catalyzed electroless deposition. It should be noted that the Ni-GO skeleton 

accelerated and directed the growth of Cu. The 3D porous Ni-GO skeleton and 

Cu@Ni-GO were directly used as positive and negative electrodes, respectively, while 
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Ni(OH)2 and Cu2O active materials were in situ formed by the surface oxidation of 

current collectors in KOH electrolyte. The resultant Ni-GO@NiW positive electrode 

and Cu-Cu2O@Ni-GO@NiW negative electrode exhibited the excellent 

electrochemical performance with the volumetric capacitances of 235.2 F/cm3 and 

510.7 F/cm3, respectively. The aqueous asymmetric supercapacitors were synthesized 

using the developed electrodes, reaching the very high volumetric energy density of 

30.2 mWh/cm3. Moreover, the wire-like supercapacitors were fabricated and sealed in 

plastic tubes to demonstrate the potential on applications by igniting a 11-LEDs array 

and powering an electronic watch.  
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