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Abstract—The broad market prospect of portable 

electronics and wearable devices is making demands for flexible 

energy storage device with high capacity density and 

compatibility of the manufacturing process of flexible printed 

circuit (FPC). Herein we raise a convenient and high-efficiency 

technique for high performance flexible supercapacitor devices 

based on nickel conductive membrane (NCM). The NCM was 

prepared by two-step method, which involved the sputtering of 

nickel on polyacrylonitrile (PAN) nanofiber membrane and 

electrodeposition of more nickel on it. The NCM contributes to 

enhancing electron transport/collection and releasing the stress 

generated from cycling. With electrodeposited MnO2 and PPy, 

the NCM electrodes displayed high performance (271.6 F/g for 

NCM@MnO2 and 175.1 F/g for NCM@PPy), enhanced rate 

performance and outstanding cycling stability. This kind of 

electrode is able to be fabricated on FPC conveniently with good 

flexibility with different packaging methods (cross-finger type 

and sandwich type). This study may arouse broad interests in 

developing large scaled flexible power devices. 
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I. INTRODUCTION 

The broad market prospect of portable electronics and 

wearable devices is making demands for flexible energy 

storage device with high capacity density and compatibility 

of the manufacturing process of flexible printed circuit (FPC). 

[1-4]. Supercapacitors, featured with excellent cycling 

stability, enhanced rate performance and high power density 

[5-7], for complementing or even replacing batteries and 

electrolytic capacitors, have been under intensive study. Due 

to the pseudocapacitive characteristic, TMO and conductive 

polymers have been regarded as better choices, compared 

with conventional low-capacitance carbon materials [5, 6, 8-

11]. Recently, researches on electrode materials have been 

focused on constructing three-dimensional metal conductive 

scaffolds, especially nickel-based ones. For example, Ni 

nanotube arrays by a modified ZnO template-assisted method 

was developed for supercapacitors [8, 11]; Ni nanowire 

arrays (NNA) structure was used to support Ni(OH)2 

nanostructured battery cathodes with superior mechanical 

flexibility [12] etc. However, available technologies are still 

complicated and may lead to difficulties in practical 

application. It is important to develop a technology to prepare 

high-performance and mechanical flexible current collectors, 

which are cost-effective, highly reproducible and compatible 

with FPC [13-23].  
Herein we raise a facile preparation process for high-

performance flexible supercapacitor via a nickel-based 
conductive membrane (NCM). The preparation route of NCM 
is fully compatible to industrial production processes, such as 
electrospinning, magnetron sputtering and electro-deposition, 
which is cost-effective and can be scale-upped by roll-to-roll 
processes. Then the NCM was loaded with MnO2 
(NCM@MnO2) and polypyrrole (NCM@PPy) respectively, 
which presented a high specific capacitance of 271.6 F/g (2 
mV/s) for NCM@MnO2 and 175.1 F/g (2 mV/s)for 
NCM@PPy. Besides, the NCM@MnO2 electrode showed 
outstanding stability with capacitance retention of 91.9% 
(5000 cycles). The supercapacitor device assembled by 
NCM@MnO2 and NCM@Ppy exhibited good flexibility, 
which exhibited superior cycle stability with 94.5% 
capacitance remain (4500 cycles). This electrode can be 
fabricated on the FPC easily with good flexibility in different 
packaging methods (cross-finger type and sandwich type). In 
all, this study may arouse broad interests in developing 
electrodes for flexible devices on FPC.  

II. EXPERIMENTAL SECTION 

A. The preparation of nickel conductive membrane  

The nickel conductive membrane (NCM) films were 
fabricated by a three-step method. Firstly, the PAN nanofiber 
membranes were obtained by electrospinning. Then, a thin 
layer of nickel  were magnetron sputtered onto PAN nanofiber 
membrane (PAN@Ni), with a thickness of about 40 nm. The 
electrospinning was operated at +18 kV and -2 kV with a 
power supply produced by Beijing Ucalery. Finally, more 
nickel was electrodeposited on PAN@Ni to form a three-
dimensional nickel conductive membrane (NCM). The 
electrodeposition solution contained 1M NiSO4·H2O, 0.17M 
NiCl2·6H2O, 0.65M H3BO3 and 0.2 g/L sodium dodecyl 
sulfate. The solution was then stirred at 60 °C with a certain 



pH value of 4.8, which is adjusted by ammonia. After that the 
sputtered PAN was connected on an DC power supply with a 
settled current density of 5 mA/cm2. After a 10-minute 
electrodeposition, the obtained NCM was taken out and got 
clean up.  

B. Synthesis of NCM@MnO2 and NCM@PPy 

All chemicals used in this work were purchased from 
Aladdin without any other treatment. After the obtained NCM 
is dried, MnO2 and PPy were Electro-deposited on it 
respectively. All the deposited were operated in a two 
electrode system with a Pt foil as counter electrode.  

The electrolyte solution for MnO2 is composed of 0.01 M 
sodium sulfate and 0.1 M MnAc2. The NCM was connected 
on an DC power supply with a settled current density of 10 
mA/cm2, with a deposition time of 30 -120 s. Then the 
obtained NCM@MnO2 was taken out and got clean up by 
deionized water. A microbalance was used to measure the 
mass change after the deposition process. It should be noticed 
that the drying time should be keep consistent with the drying 
process after the Ni deposition.  

The electrolyte solution for PPy is composed of 18g/L 
oxalic acid, 6.9 mL/ mL  pyrrole monomer. Then same two –
electrode system and DC power supply is adopted for electro-
polymerization with 10 mA/cm2. After that, the same 
treatment process is used to measure the mass loading. 

C. Characterizations 

A scanning electron microscopy (HITACH S4800) is 

used to observe the morphologies of the samples, before the 

samples were put into the sample compartment, a thin Au 

layer was sputtered on it to make sure a good conductivity. A 

VMP3 (BioLogic) is used to conducting the electrochemical 

measurements, with a three-electrode system (working 

electrode, a Pt foil and a saturated calomel electrode). Device 

assembling 

The devices were assembled in two different packaging 

type.  

A sandwich supercapacitor is assembled on a Cu covered 

PI film. Firstly, the Cu covered PI film is overlapped by a 

piece of adhesive tape. After that, the required pattern is 

drawn by layer, then the sample was immersed in a FeCl3 

solution to remove the needless part. The LED, switch 

cathode tap and anode tap were soldered on the obtained FPC. 

Finally, the NCM@MnO2, the glass fibre membrane (soaked 

with electrolyte solution) and the NCM@PPy were 

assembled between the two taps by layer-by-layer packaging. 

The supercapasitor is sealed by adhesive tape. 

A cross-finger supercapacitor is manufactured by laser 

etching and electro-deposition. Firstly, the NCM is etched by 

laser into a cross-finger pattern. After that, MnO2 and PPy 

were electro-deposited on the different side with the same 

processes we used in section B. 

III. RESULTS AND DISCUSSIONS 

The Fig. 1 shows the SEM photographs of the samples. As 
shown in Fig. 1a, the original PAN nanofibers have a diameter 
distribution varying from 250 nm to 350 nm. Then, a thin layer 
of nickel  were magnetron sputtered onto PAN nanofiber 

membrane (PAN@Ni). After that, a nickel electrodeposition 
process was adopted to form a thicker Ni layer on PAN@Ni 
to ensure that it has excellent electrical conductivity and 
mechanical strength. The NCM showed excellent mechanical 
flexibility. 

The electro-deposition and electro-polymerization 
techniques were used to fabricate the positive and negative 
electrode, respectively. Each fiber was covered 
homogeneously by MnO2 after 30 s of electro-deposition as 
shown in Fig. 1c, indicating uniform and excellent electrical 
conductivity of the whole electrode film. The NCM@PPy 
samples can also be observed in Fig. 1d. The cracks in the inset 
image of the Fig. 1d were induced by the electron beam.  

 

Fig. 1 (a) SEM image of PAN fibers; (b) SEM image of NCM; (c) SEM image 
of NCM@MnO2, scale bar of the inset is 200nm; (d) SEM image of 

NCM@PPy, scale bar of the inset is 500nm; (e) Scheme of the preparation 

process. From up to bottom: the original PAN (white); the NCM (gray); the 

NCM@MnO2 (brown); the electrolyte, sodium ions are shown by yellow balls, 
sulfate ions are shown by green balls; NCM@PPy (black).   

The electrochemical performance of the NCM@MnO2 
electrode was measured in a mild aqueous 0.5 M Na2SO4 
electrolyte. The mild electrolyte is selected to avoid the NCM 
getting corrosion. The working potential window was 
determined in 0 - 0.8 V, wherein the sample exhibited a 
capacitive behavior and showed no polarization. In the 
preparation, time is a key factor that decide the mass loading 
and thickness. With a 120 s deposition process, the mass 
loading of MnO2 was up to 0.75 mg cm-2, the NCM@MnO2 
electrode can maintain the standard capacitance property as 
shown in Fig. 2a. Fig. 2b shows the CV curves of the 
NCM@MnO2 at different scan rates. The shape of the curves 
illustrated that there is no obvious polarization happened even 
if the scan rate was up to 200 mV s-1, because the special 
structure of the electro-spun PAN network. The macropores 
between the PAN fibers give a efficient channels for ion 
transmission. Furthermore, the Ni layer coated on the PAN 
fibers also give a highway for electrons. The specific 
capacitance value of the electrode was calculated as 271.6 F 
g-1 (2 mV s-1). The Fig. 2c shows the GCD curves of the 
NCM@MnO2. The result illustrate an excellent rate 
performance, which exhibited symmetrical charge and 
discharge processes. Meanwhile, at 5A g-1, the NCM@MnO2 
only exhibited a small IR drop of 0.004 V. the statistics in Fig. 
2d also gives a good result in rate performance. When the scan 
rate was 2 mV s-1, the capacitance was calculated as 271.6 F 
g-1. When the scan rate achieve 200 mV s-1, the specific 
capacitance still had 53.8% left (146.2 F g-1), indicating 
excellent rate performance.  

 



Besides, to further understand the properties 
NCM@MnO2, the cycling test by CV and EIS test were 
operated on an electrochemical station. After a continuous 
scanning test for 5000 cycles (50 mV s-1), the capacitance 
retention of the NCM@MnO2 still remained 91.9%. As shown 
in Fig. 2f,  the EIS analysis of NCM@MnO2 shows that this 
system has quick transmission channels. The Re, which 
represents electrolyte resistance is calculated as 1.82 Ω, this 
result shows there exist efficient channels for ion transmission. 
Meanwhile, the Rct, which represents electron transfer 
resistance, is calculated as 4.79 Ω. Similar to the electrolyte 
resistance, the electrons also exhibit quick transmission. In 
summary, the EIS result illustrate this structure’s merit on 
charge transportation. 

Fig. 2 (a) CV curves of NCM@MnO2 ( 0.20 mg cm-2 and 0.75 mg cm-2 )at 50 
mV s-1; (b) CV curves of NCM@MnO2 ( 0.20 mg cm-2 ), with the scan rates 
of 2-200 mV s-1; (c) GCD curves of NCM@MnO2 at different current 
densities; (d) The specific capacitance of NCM@MnO2 at different scan rate; 
(e) capacitance retention of NCM@MnO2 at 50 mV s-1; (f) Nyquist plots of 
the EIS for NCM@MnO2 with a magnification of the high-frequency region 
is provided in the inset.  

The excellent cycle stability and enhanced specific 
capacitance feature can be attributed to this factors: Firstly, the 
highly interconnected 3D NCM structure can effectively 
decrease the contact resistance so that the NCM exhibited 
highly conductive feature. Secondly, the macroporous and 
mesoporous structure of NCM can benefit the ion transport for 
freely accessing to the interior and exterior surface of the 
membrane and shuttling across the whole electrode area. 
Finally, the submicron size of PAN fibers made a critical 
contribution to high specific surface area for high mass 
loading of the active materials. 

 To verify the performance of the NCM more deeply, PPy 
was chosen as the negative electrode materials to cover NCM 
via electro-polymerization. CV and GCD tests were operated 
on a electrochemical station. The working potential window 
was determined in the range of -0.8 V - 0 V. The mass loading 
of PPy was controlled to be 0.37 mg cm-2, by electro- 
polymerizing for 3 min. As shown in Fig. 3,the CV curves of 
the NCM@PPy electrode at scan rates ranging from 2-200  

 
Fig. 3 (a) Characterization  of CV curves for the NCM@Ppy (0.37 mg cm-2). 
The scan rates were 2-200 mV s-1 respectively for different curves in the figure; 
(b) the different curves shows the GCD results (from 2 to 100 A g-1) of the 
NCM@PPy; (c) the plot and the points gives a statistics of the capacitance 
change  of NCM@PPy in a long time test at 50 mV s-1; (d) EIS results of the 
NCM@PPy. The inset figure represents the high-frequency region). 

 
Fig. 4 (a) Characterization  of CV curves for the sandwich device (total mass 
loading of 2.67 mg). The scan rates were 2-200 mV s-1 respectively for 
different curves in the figure; (b) Characterization  of CV curves for the cross-
finger device (total mass loading of 0.23 mg). The scan rates were 1-200 mV 
s-1 respectively for different curves in the figure; (c) the plot and the points 
gives a statistics of the capacitance change  of sandwich device in a long time 
test at 50 mV s-1; (d) The assembled supercapacitor could light up a LED lamp. 
(e) the different curves shows the GCD results (from 2 to 100 A g-1) of the 
sandwich device.  

mVs-1 are shown in Fig. 3a. In the meantime, the NCM@PPy 
gave a specific capacitance of 175.1 F g-1 (2 mV s-1). Fig. 3b 
shows the GCD tests of the NCM@PPy in the range of 2-100 
A g-1. Fig. 3c gives a characterization of the long-term stability 
of the NCM@PPy. After 3000 cycles at 50 mV s-1, 71.9% 
remained compared with the original capacitance. According 
to the EIS analysis of NCM@PPy electrode in Fig. 3d, the Re 
and Rct of NCM@PPy are 1.53 Ω and 7.49 Ω, respectively.  

In order to evaluate the feasibility of the NCM working in 
a device level, we further assembled flexible sandwich and 
cross-finger supercapacitors. The sandwich device is 
assembled on a piece of Cu coated PI film, which is etched as 
a circuit beforehand. In the meantime, the cross-finger device 
is manufactured by laser etching and electro-deposition. The 
as-obtained supercapacitors could work well with a highest 
potential of 1.6 V. Fig. 4a and 4b describe the CV curves of 
the devices, respectively giving a capacity of 132.2 Fg-1 and 
112.1 Fg-1 for sandwich device and cross-finger device. Fig. 

 



4e shows typical GCD results of the sandwich device, 
illustrating pseudocapacitance. Besides, the device retains 
94.5% capacitance retention after cycling for 4500 times at the 
scan rate of 50 mV s-1, indicating the excellent cycling life. 
The sandwich device was assembled on the FPC, with the taps 
were fixed on the circuit by solder in advance, as shown in Fig. 
4d. with two devices connected in series, a red LED is lighted. 
Finally, the supercapacitor exhibits a maximum energy 
density of 1.72 Wh kg-1 at the power density of 760 W kg-1, 
respectively.  

IV. CONCLUSIONS 

In summary, we have demonstrated the controllable 
preparation of a 3D highly interconnection nickel conductive 
membrane based on electrospinning, magnetron sputtering 
and electrodeposition techniques, and systematically 
investigated its application as electrode scaffold for flexible 
and high-performance supercapacitors. Combining the 
flexibility of the PAN membrane and the high conductivity of 
the Ni layer, the NCM exhibited as an excellent current 
collector which can well enhance the rate and cyclic 
performance. The NCM@MnO2 delivered outstanding 
capacity (271.6 F g-1 at 2 mV s-1) and superior longevity (91.9% 
capacity retention after 5000 cycles at 50 mV s-1). The devices 
based on the NCM exhibited high energy density and 
excellent cycling stability (94.5% capacitance retention after 
4500 cycles). This technology can be used to fabricate 
different kinds of packaging types on FPC (cross-finger type 
and sandwich type). We believe that the unique structure, high 
electrochemical performance and mechanical flexibility of 
this NCM serving for supercapacitor ensure it a promising 
electrode scaffold for next generation energy storage devices. 
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