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Electrospun nanofibers (ENFs) and mats are regarded as ideal electrode candidates for electrochemical 

energy storage devices such as supercapacitors (SCs), due to their large specific surface area, three-

dimensional (3D) nano architecture, light weight, high porosity, and low cost. However, the technique 

of electrospinning usually produces polymeric nanofibers, the inferior conductivity of polymers 

dramatically hinders their direct applications in electrochemistry. In this work, magnetron sputtering is 

utilized to coat a layer of uniform gold onto the surface of electrospun poly(vinylidene fluoride-

trifluoroethylene) (PVDF-TrFE) nanofibers to achieve a highly conductive 3D network, followed with 

electrodeposition of manganese dioxide (MnO2) nanospheres as pseudocapacitive materials. The 

advanced SCs electrode exhibits integrated features of high specific capacitance (ca. 385 F g-1 at 1 A g-

1), decent rate capability (ca. 50 % retention as the current density is increased from 1 A g-1 to 20 A g-

1), long cycling life (ca. 94% retention after 2000 charging/discharging cycles), and attractive 

flexibility. This facile strategy of “sputtering-electrodeposition” shows a great potential to open up a 

new route for developing various kinds of ENFs-based energy storage devices for flexible electronics. 
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1. INTRODUCTION 

Nowadays, flexible energy storage devices including batteries and supercapacitors have drawn 

more and more attention attributed to their potential as energy sources for flexible devices and 

systems, in which that would be difficult to achieve by using the rigid electronics of today. 

Particularly, flexible SCs possess the advantages of higher power density, longer cyclic lifetime, and 
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faster charge/discharge rate compared with batteries[1-3], enabling them to be one of the most 

promising candidates for flexible energy storage devices. In general, the prerequisite to develop the 

flexible and high-performance SCs electrodes is correct incorporation of electrode substrates with 

good mechanical flexibility, high specific surface area, and electrochemical stability. Recently, a 

variety of flexible substrates, such as metallic foams [4, 5], carbon fibers/papers/cloths [6-9], modified 

polymeric films [10], carbon nanotubes networks [11-13], graphene-based architectures [14-16], and 

even paper [17, 18], have been successfully utilized as electrode templates to immobilize 

supercapacitive materials for achievement of flexible SCs. 

On the other hand, Electrospinning is probably the most powerful and straightforward method 

that utilizes electrostatic forces to fabricate continuous polymeric nanofibers [19]. In recent years, 

various kinds of polymers, including polyacrylonitrile (PAN), polymide (PI), cellulose, poly(vinyl 

alcohol) (PVA), poly(vinyliden fluride) (PVDF) and so on, have been successfully fabricated into 

nanofibers through the technique of electrospinning [20]. The electrospun mats made up of nanofibers 

are regarded as ideal alternatives for flexible SCs electrode templates, because they not only possess 

large specific surface area as well as willowy 3D self-supported architecture, but also exhibit 

outstanding flexibility [21]. However, most polymers are non-conductive and inevitably hinder their 

direct applications as electrochemical electrode skeletons. 

To solve this issue, several methods have been developed. One effective strategy is the 

combination of electrospinning and a post carbonization treatment [22, 23], which produces a 

conductive web consisted of intermingled carbon nanofibers with mesoporous structures. More 

importantly, various kinds of pseudocapacitive materials can be in situ synthesized within the fibers 

during the carbonization process to introduce pseudocapacitor performance [24-26]. Even though the 

method of carbonization can effectively endow conductivity and electrochemical property for ENFs, 

the requirements of accurate control over high temperature under an inert atmosphere, along with an 

extra stabilization procedure to increase thermal stability of the nanofibers, make this process pretty 

complex and dramatically limit its practical applications. Polymerization of conducting polymers on 

the surface or within the template of electrospun nanofibers is another methodology to develop ENFs-

based SCs [27-29]. This chemical route takes advantages of high electronic conductivity, excellent 

redox activity, and good flexibility from conducting polymers such as polyaniline (PANI), polypyrrole 

(PPy), poly(3,4-ethylenedioxythiophene) (PEDOT) to offer the pseudocapacitance behavior. For 

example, electrospun PAN supported PANI nanofibers were prepared through electrospinning 

combined with an in situ polymerization process [28]. The core-shell PAN@PANI nanofibers mat 

gave a specific capacitance of 151 F g-1 at a current density of 1 A g-1. In this route, however, the core 

nanofibers skeletons are still non-conductive, which would restrict the fast transfer of charges and thus 

decrease the electrochemical kinetics of the as-prepared electrodes. As such, it is still challenging to 

obtain high specific capacitance and rate capability by use of this methodology. 

In this work, a facile strategy of magnetron sputtering combined with electrodeposition is 

proposed to develop ENFs-based SCs electrodes, as illustrated in Scheme 1. Firstly, a PVDF-TrFE 

nanofibrous mat is fabricated with electrospinning, followed with a layer of gold coated onto the 

surface of PVDF-TrFE nanofibers by magnetron sputtering. Then, MnO2 nanospheres, a kind of 

classical material in the electrochemical applications, are immobilized onto the PVDF-TrFE@Au 
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nanofibers through electrochemically deposited method to offer the pseudocapacitive property. With 

this rational process design, the integrated merits of flexible electrode structure, high specific surface 

area, and good pseudocapacitance can be obtained to produce flexible, high-performance ENFs-based 

SCs electrodes. 

 

 

Scheme 1. Schematic illustration of the fabrication process for the advanced electrodes. 

 

 

 

2. EXPERIMENTAL SECTION 

2.1 Preparation of PVDF-TrFE nanofibers mat 

The PVDF-TrFE polymer is selected as ENFs source due to its excellent electrospinnability 

and homogeneous diameter and morphology of the resulted nanofibers. To prepare the PVDF-TrFE 

precursor, 1.4 g PVDF-TrFE (Piezotech○R  FC30, PIEZOTECH ARKEMA) in powder form was firstly 

dispersed with 4 g of acetone using a magnetic stirrer, and then 6 g of N,N-Dimethylformamide (DMF) 

was added into the PVDF-TrFE/acetone suspension, finally, the mixture was stirred for at least 3 hours 

to reach a good homogeneity. The electrospinning was did at the room temperature and 1 atm pressure. 

The following electrospinning parameters were employed to prepare the PVDF-TrFE nanofibrous mat: 

applied high voltage of 12.5 kV, the spinneret-to-collector distance of 10 cm, syringe pump rate of 5 

μL/min. Then, the electrospun mat was dried in an oven at 70 °C for 12 hours to remove the residual 

solvent. 

 

2.2 Fabrication of ENFs-based SCs electrodes 

Experimentally, a layer of 100 nm gold was firstly coated onto the PVDF-TrFE ENFs by 

magnetron sputtering equipment (Discovery 635) with a power of 100 W. The sample is denoted as 

PVDF-TrFE@Au after sputtering. Then, the MnO2 nanospheres were synthesized through the 

straightforward electrochemical deposition technique with the three-electrode configuration. The 

mixture of 20 mM Mn(NO3)2 and 100 mM NaNO3 (Sigma Aldrich, USA) in DI water was used as 

aqueous electrolyte. A constant current of 0.5 mA/cm2 was applied for 10 s, 50 s, and 90 s. The 
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samples with different MnO2 electrodeposition time are denoted as PVDF-TrFE@Au@MnO2-10, 

PVDF-TrFE@Au@MnO2-50, PVDF-TrFE@Au@MnO2-90, Respectively. 

 

2.3. Characterization 

The morphology and structure of the as-obtained samples were observed with a field-emission 

scanning electron microscope (FESEM; SU-8010, HITACHI). Elemental analysis was performed with 

an energy dispersive X-ray spectrometer (EDS). The crystal structure was characterized by X-ray 

diffraction (XRD; D8 Advanced, Bruker) using Cu Kα radiation over a 2θ range from 10 to 80°. 

 

2.4 Electrochemical measurements and analysis 

The electrochemical measurements of the as-synthesized samples were performed using an 

electrochemical workstation (Gamry Reference 600+, Gamry Instruments, USA) in 1 M Na2SO4 

aqueous electrolyte. The as-synthesized samples without any further treatment, platinum foil, and 

Ag/AgCl electrode were used as working electrode, counter electrode, and reference electrode, 

respectively. Cyclic voltammetry (CV) tests were enforced in the potential range between 0 and 0.9 V. 

Galvanostatic charge-discharge (GCD) experiments were carried out with different current densities 

ranged from 1 A g-1 to 20 A g-1 in the potential window of 0-0.9 V. Electrochemical impedance 

spectroscopy (EIS) were tested with the frequency range from 0.01 Hz to 100 kHz using a perturbation 

amplitude of 5 mV at 0.2 V versus reference electrode. Cycling performance was performed for 2000 

charge-discharge cycles at a current density of 10 A g-1. 

The calculation of the specific capacitance of the advanced electrode can be obtained from the 

GCD curves. 

C = IDt mDV  

where the C (F g-1) is the specific capacitance of the as-synthesized electrodes. I (A) is the constant 

discharging current density. Dt  (s) is the discharging time. m (g) is the mass of the active materials on 

the as-synthesized electrodes. DV  (V) is the potential window for GCD tests. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Morphology and structure 

Fig. 1a shows the typical morphology of the glossy PVDF-TrFE ENFs with the diameter of ca. 

250 nm. We can see that the PVDF-TrFE ENFs are randomly oriented but densely packed to form an 

open microscale structure. This kind of open structure not only provides more surface area, but also 

promotes electrolyte into the electrode more effectively. The morphology of the PVDF-TrFE@Au 

sample is displayed in Fig. 1b. The successful coating of 100 nm gold can be clearly distinguished 

compared with the pristine PVDF-TrFE ENFs, as evident from the increased diameters (ca. 450 nm) 

and much more coarser surface. This willowy 3D conductive network can supply a conductive path for 
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electrodeposition of various kinds of pseudocapacitive materials, endowing the capability of ENFs as 

SCs electrode templetes. 

 

 
 

Figure 1. SEM images of (a) PVDF-TrFE ENFs and (b) PVDF-TrFE@Au nanofibers. The insets show 

optical pictures of the electrospun mat before and after Au sputtering. 

 

 

Figure 2. SEM images of (a, b) PVDF-TrFE@Au@MnO2-10, (c, d) PVDF-TrFE@Au@MnO2-50, 

and (e, f) PVDF-TrFE@Au@MnO2-90.  
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The electrodeposition time can significantly influences the morphology and quantity of MnO2 

nanospheres, as illustrated in Fig. 2. When the reaction time is 10 s, only a small amount of MnO2 

nanospheres are immobilized onto the PVDF-TrFE ENFs. With elongating the electrodeposition time 

to 50 s, numerous tiny nanospheres with diameter of ca. 500 nm onto the fibers can be clearly observed. 

However, as the electrodeposition time is continuously increased to 90 s, more and more MnO2 

nanospheres are formed and interlink each other together to almost cover the entire surface of the 

PVDF-TrFE ENFs. This would impede the electrolyte infiltration and ion transportation into electrode 

structure and thus decrease the electrochemical kinetics during the electrochemical reaction [30, 31].  

 

3.2 Materials characterization 

The EDS spectrum of PVDF-TrFE@Au@MnO2-50, as shown in Fig. 3a, offers the clear 

evidence of the presence of Mn and O elements. Based on the XRD pattern in Fig. 3b, three peaks at 

2θ of 23.8°, 37.1°, 66.3° can be observed, these peaks correspond to the (110), (021), and (002) 

crystallographic planes of MnO2, respectively [32]. The characterized peaks are not so distinguished 

due to the nanocrystalline and semicrystalline structure of the electrodeposited materials, suggested by 

previous references [33, 34]. The XRD results further demonstrate that the MnO2 has been 

successfully immobilized onto the PVDF-TrFE ENFs. 

 

 
 

Figure 3. (a) EDS spectrum and (b) XRD patterns of the PVDF-TrFE@Au@MnO2-50 sample. 

 

3.3 Electrochemical performance 

Fig. 4a shows the CV curves of PVDF-TrFE@Au@MnO2-10, PVDF-TrFE@Au@MnO2-50, 

PVDF-TrFE@Au@MnO2-90 at the scan rate of 60 mV s-1. The CV curve with 10 s electrodeposition 

time exhibits an approximately rectangular shape (black line) , indicating an excellent reversibility as 

the quantity of MnO2 took part in the electrochemical reactions is limited [35]. With extending of 

electrodeposition up to 50 s, CV curve slightly deviate from rectangular shape (red line). This is 

mainly due to that more MnO2 nanospheres are involved into the reactions. However, when the 

electrodeposition time further increases to 90 s, the CV curve (blue line) exhibits a smaller area as 

compared to that of 50 s. The reasons can be ascribed to: i) as electrodeposition time rises, more MnO2 
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nanospheres are synthesized and interlink each other together to form a continuous structure (Fig. 2f). 

This morphology would reduce the specific surface area and impede the electrolyte infiltration and ion 

transportation; ii) the MnO2 materials are non-conductive in nature, the overly thick layer would limit 

electron transfer. As such, the overtime electrodeposition would lead to reduction of electrochemical 

kinetics and decrease the specific capacitance. Based on the GCD curves in Fig. 4b, the gravimetric 

capacitances at current density of 1 A g-1 are 172 F g-1, 385 F g-1, and 258 F g-1 for samples of PVDF-

TrFE@Au@MnO2-10, PVDF-TrFE@Au@MnO2-50, and PVDF-TrFE@Au@MnO2-90, respectively. 

 

 

Figure 4. (a) CV and (b) GCD curves for samples of PVDF-TrFE@Au@MnO2-10, PVDF-

TrFE@Au@MnO2-50, PVDF-TrFE@Au@MnO2-90 

 

As the optimized electrodeposition time of MnO2 nanospheres is 50 s in this design, the 

corresponding sample is utilized for further evaluation of electrochemical performance. Fig .5a shows 

the CV curves for PVDF-TrFE@Au@MnO2-50 at different scan rate from 10 mV/s to 100 mV/s. 

Apparently, the current density is almost proportional to the scan rate, revealing the rapid electronic 

and ionic transport rate of this advanced electrode [36]. 

To evaluate the rate capability, the GCD curves of PVDF-TrFE@Au@MnO2-50 at different 

current density from 1 A g-1 to 20 A g-1 in the potential range of 0-0.9 V are measured as shown in Fig 

5b, and the gravimetric capacitances at different current densities are calculated and recorded in Fig. 5c. 

the numerical values are 385, 287, 236, 208, and 191 F g-1 when subjected to current densities of 1, 2, 

4, 8, and 20 A g-1, respectively. As such, a decent rate capability of ca. 50% is obtained. The rate 

capability is not so good due to the poor electroconductivity (10-5 to 10-6 S cm-1) [37] and biggish size 

(ca. 500 nm in diameter) of the MnO2 nanospheres. Engineering the MnO2 nanospheres into smaller 

size could be an effective method to solve this problem, as this can enable higher utilization ratio of 

active materials and shorten the diffusion pathway of electrons. 

The EIS tests indicate the electrochemical impedance property of PVDF-TrFE@Au@MnO2-50 

in the frequency domain from 0.01 to 100 kHz, as shown in Fig. 5d. The equivalent circuit model [38] 

is established in the inset. At high frequency, the intersection point on the real axis represents the bulk 

resistance, RS, which is the sum of the ohmic resistance of the electrolyte and the internal resistance of 

the electrode. From the high frequency to midfrequency, a semicircular behavior has been observed, 

corresponding to the parallel connection of the interfacial charge transfer resistance, RCT, and the 

double-layer capacitance, CDL. The transition from semicircle to the long tail represents the Warburg 
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element, W0, attributed to the ion diffusion in the electrode. At low frequency, the straight line is 

derived from pseudocapacitance, CF. Theoretically, RS and RCT are two main parameters to determine 

the electrochemical kinetics. According to the Nyquist plot, the RS and RCT are ca. 5.8 Ω and ca. 8.5 Ω, 

respectively. 

 

 
Figure 5. (a) CV and (b) GCD curves for samples of PVDF-TrFE@Au@MnO2-50 under different 

scan rates and currrent densities. (c) Rate capability. (d) Nyquist plot of EIS. 

 

 

Figure 6. Test of cycling stability at current density of 10 A g-1 for 2000 cycles. 

 

The cycling performance is tested by repeated charging/discharging at a constant of current 

density of 10 A g-1 in the potential range from 0 to 0.9 V for 2000 cycles, as illustrated in Fig. 6. The 

inset exhibits the first and last three cycles of GCD curves, even though shapes of the curves 
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experience a distortion, about 94 % capacitance retention is still obtained, highlighting the excellent 

cycling life for this advanced electrodes. 

To investigate the mechanical flexibility of the as-prepared electrodes, a sample is bent and 

twisted by a pair of tweezers, as shown in Fig. 7a and b. After the force was removed, no visible 

damage was observed. Furthermore, a home-made linear actuator (inset of Fig. 7c) is adopted to 

introduce repeated mechanical bending upon the sample as shown in Fig. 7c. It can be clearly seen that 

about 97 % capacitance retention has been obtained after 1000 mechanical cycles. These tests reveal 

the excellent flexibility and durability of the advanced electrodes. 

 

 

Figure 7. Test of mechanical flexibility. 

 

Table 1. The performance comparison between our work and other literatures for electrodeposited 

MnO2-based electrodes used for supercapacitors 

 

Materials Specific capacitance (F g-1) 
Mechanical 

flexibility 
References 

Electrodeposited MnO2 on 

stainless foil 
ca. 259 (5 mV/s) Bad  [39] 

Electrodeposited MnO2 on 

Cu-decorated Nickel foam 
ca. 687 (5 mV/s) Bad  [40] 

Electrodeposited MnO2 on 

carbon fiber paper 
ca. 363 (0.5 A g-1) Good  [41] 

Electrodeposited MnO2 on 

graphene-carbon nanofiber 
ca. 298 (1 A g-1) Good  [42] 

Electrodeposited MnO2 on 

rGO paper 
ca. 367 (1 A g-1) Good  [43] 

PVDF-TrFE@Au@MnO2-50 ca. 385 (1 A g-1) Excellent  This work 

 

To exhibit the preponderance of our method and electrode, the performance comparison 

between our electrode and other electrodeposited MnO2-based electrode composites for 

supercapacitors is listed in Table 1. It can be clearly seen that our electrode not only exhibits 
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outstanding specific capacitance, but also possesses excellent flexibility, empowering the advanced 

electrodes a high potential to be applied as good energy storage devices for wearable electronics. 

 

 

4. CONCLUSIONS 

In conclusion, to overcome the poor electroconductivity of ENFs, a layer of gold is coated onto 

the surface of PVDF-TrFE nanofibers by magnetron sputtering to fabricate a willowy 3D conductive 

network, followed with electrodeposition of MnO2 nanosphere as pseudocapacitive materials. As such, 

an advanced SCs electrode with integrated merits of high specific surface, 3D nano architecture, light 

weight, good supercapacitive property, and outstanding flexibility is successfully developed. This 

novel and facile strategy of “sputtering-electrodeposition” could open up a new route for developing 

various kinds of ENFs-based energy storage devices for flexible electronics. 
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