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A flexible ternary composite film based on polyvinyl alcohol (PVA), polyaniline (PANI) and WS2 was 

prepared via the electropolymerization of the prefabricated PVA/aniline/WS2 hydrogel. As-prepared 

PVA/PANI/WS2 composite film was characterized by scanning electron microscopy, X-ray 

photoelectron spectroscopy, energy dispersive X-ray spectrometry, and electrochemical technologies. 

The PVA/PANI/WS2 film had a specific capacitance of 2437 mF cm-2 at 2 mV s-1 in H2SO4 solution (1.0 

M). After 5000 cycles, the capacitance retention reached 70% of initial specific capacitance. The high 

electrochemical behavior of composite film was mainly attributed to the ionic conductivity of PVA and 

the integration of pseudocapacitance of PANI and WS2. This flexible PVA/PANI/WS2 film provided a 

potential application in flexible supercapacitor. 
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1. INTRODUCTION 

With the serious depletion of non-renewable energy, environmentally friendly energy storage 

devices have attracted more and more interest [1, 2]. Supercapacitor is a novel energy storage device 

which is between traditional capacitors and secondary batteries owing to its fast charge-discharge rate, 

high power density, promising cycle stability, variable working temperature range and environmental 

protection [3-5]. Currently, supercapacitor contains electrochemical double-layer capacitor (EDLCs) 

and pseudocapacitors. EDLCs mainly use the carbon materials as electrode materials [6]. The specific 

capacitance of carbon materials is relatively low. However, pseudocapacitor has high specific 

capacitance because it uses metal oxides [7], transition metal dichalcogenides [8]and conducting 

polymers (CPs) [9-11] as electrode materials, which have high electrochemical behaviors. 
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WS2 nanosheet has absorbed much notice as the electroactive material due to the W atom has a 

range of oxidation states from +2 to +6 [12]. However, in fact, it suffers from the low capacitance 

performance. The mainly explanation is that the nanosheets are restacked leading to the lower 

conductivity as well as the relative brittle of WS2 nanosheets [13]. In order to improve the capacitance 

performance, many composites based on WS2 have been prepared, such as WS2/PEDOT: PSS [14], 

WS2/RGO [15], WS2/SWCNT [16], Fe3O4/WS2 [17], PEDOT/WS2 [18] and ZnWO4@WS2 [19]. 

Polyaniline (PANI) has been considered as a potential candidate for storage devices due to PANI has the 

highest theoretical specific capacitance among CPs [20]. Currently, there are few reports on the 

composite of PANI and WS2 for supercapacitors [21, 22].  

Here, a flexible PVA/PANI/WS2 composite film was firstly prepared through the 

freezing/thawing method of PVA/aniline/WS2 hydrogel and following electrochemical deposition. As-

prepared PVA/PANI/WS2 film was characterized by different technologies. The capacitance 

performance of PVA/PANI/WS2 composite was performed by cyclic voltammetry (CV), galvanostatic 

charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS). It was found that the 

flexible PVA/PANI/WS2 composite film had good capacitance performance. 

 

 

 

2. EXPERIMENTAL 

2.1 Materials 

WS2 (99.9%) power was from Energy Chemical Co., Ltd. N-butyllithium was obtained from 

Energy Chemical Co., Ltd. N-hexane and aniline (bidistilled before use) are bought from J&K Chemical 

Reagent Co., Ltd. Polyvinyl alcohol (PVA) was bought from Aladdin Reagent Co., Ltd, (Tianjin, China). 

Phosphoric acid (H3PO4) was purchased from Aladdin Reagent Co., Ltd. Doubly distilled water was 

used throughout the work. 

 

2.2 Preparation of PVA/PANI/WS2 film 

WS2 nanosheets were fabricated using lithium intercalation-exfoliation method [14]. For the 

fabrication of PVA/PANI/WS2 film, 0.2 g PVA and 0.2 mL H3PO4 were added in 10 mL deionized water. 

After that, this solution was heated at 90 °C with mechanical agitation and changed into a transparent 

solution. And then, 0.2 g anilines were put into the transparent solution and stirred for 10 min. 

Subsequently, 1.0 mg WS2 nanosheets were added to the above PVA/aniline solution and stirred for 10 

min. The PVA/aniline/ WS2 solution was cooled at -76 oC and formed the PVA/aniline/WS2 hydrogel. 

Finally, the PVA/PANI/WS2 film was prepared by the CV polymerization of PVA/aniline/WS2 hydrogel 

in 1.0 M H2SO4 solution. 
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2.3 Characterizations 

The morphology was characterized by scanning electron microscopy (SEM, ZEISS SUPRA 40, 

German). X-ray photoelectron spectroscopy (XPS, Escalab 250Xi, Al Ka, Thermo Fisher Scientific was 

used to investigate the elemental composition of the film. The elementary composition was determined 

by energy dispersive X-ray spectrometry (EDS, X-Max, Oxford). All the electrochemical 

characterizations were obtained with an electrochemical workstation (CHI660E, Shanghai Chenhua 

Instrumental Co., Ltd., China). The electrochemical properties of PVA/PANI/WS2 composite film as 

working electrode was tested in 1.0 M H2SO4 solution. The counter electrode and the reference electrode 

are platinum foil and saturated calomel electrode (SCE), respectively. The specific capacitance was 

calculated from following Equations [11].  

𝐶1 =
∫ 𝑖(𝐸)𝑑(𝐸)

𝐸2
𝐸1

2𝑣𝑆1(𝐸2−𝐸1) 
       (1) 

𝐶2 =
𝐼×∆𝑡

𝑆1∆𝑉 
            (2) 

Where C1, C2 are the areal capacitance, ∫ 𝑖(𝐸)𝑑(𝐸)
𝐸2

𝐸1
 is the integrated area of the CV curve, i(E) 

is the current density,   is the scan rate, E1 and E2 are the cut off potentials in cyclic voltammetry, and 

S1 is the area of the electrode material, I is the discharge current, ∆t is the discharge time, S1 is the area 

of the electrode material, ∆𝑉 was the potential window.  

 

 

 

3. RESULTS AND DISCUSSION 

 
 

Figure 1. Digital photograph of PVA/aniline/WS2 hydrogel (a) and PVA/PANI/WS2 film (b, c) and 

SEM image (d) of PVA/PANI/WS2 film.  

 

 

As shown in Fig. 1a, PVA/aniline/WS2 hydrogel showed a faint yellow film due to the presence 

of a small amount of WS2 nanosheets. After the electrochemical reaction of PVA/aniline/WS2 hydrogel 

in 1.0 M H2SO4 solution, the color of film was changed into black from faint yellow (Fig. 1b), which 
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indicated that aniline in hydrogel film has been electropolymerized into PANI. As-prepared 

PVA/PANI/WS2 film showed good flexibility (Fig. 1c). From SEM, the PVA/PANI/WS2 film had a 

compact surface.  

 

 

 
 

Figure 2. EDS (a) of PVA/PANI/WS2 and EDS mappings of C (b), N (c), O (d), W (e) and S (f) elements 

in film. 

 

 

 
 

Figure 3. FT-IR of PVA/PANI/WS2 film. 
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The elemental composite of the as-prepared PVA/PANI/WS2 film has been tested by EDS (Fig. 

2). It was seen from Fig. 2a that the C, N, O, W and S elements were measured, which demonstrated the 

formation of PVA/PANI/WS2 composite. The element mappings (Fig. 2b-f) display the uniform 

dispersion of C, N, O, W and S in the PVA/PANI/WS2 film.  

In the FT-IR of PVA/PANI/WS2 film (Fig. 3), these peaks located at 1641, 1417 and 1323 cm-1 

were illustrated the stretching vibrations of C=C, C-C and -C-N of PANI. The peaks at 2946, 2900, and 

1090 cm-1 were ascribed to the vibrations of C-H and C-O bonds of PVA, respectively. The broadband 

present at 3340 cm-1 was attributable to the -OH and -NH2 stretching vibrations of PVA and PANI. The 

peaks at 920 and 670 cm-1 were assigned to the vibrations of S-S and W-S [23], respectively. These data 

indicated the presence of PANI, PVA, and WS2 in the film. 

 

 

 
 

Figure 4. XPS pattern of PVA/PANI/WS2 composite film, (a) The XPS survey spectra of the composite, 

(b) C, (c) W and (d) N. 

 

 

To further prove the surface composition of the PVA/PANI/WS2 composite film, the XPS was 

carried out. As shown in Fig. 4a, the XPS survey spectrum of the composite was consist of C, N, O, S, 

and W, which indicated that the PVA/PANI/WS2 composite film was successfully fabricated. From the 

Fig. 4b, the core-level spectrum of C 1s was deconvoluted into two peaks at 284.8 eV and 285.4 eV, 

which were attributed to the bending C-C and C-N, respectively. Fig. 4c demonstrates the peaks located 

at 35.5 eV and 37 eV, attributing to W 4f5/2 and W 5p3/2, which are characteristic of the W4+ and W6+, 

respectively [24-26]. Fig. 4d displays three peaks centered at 400.3 eV, 399.5 eV and 401.7 eV, which 

are attributed to -NH-, =NH+ and -NH+, respectively [27]. Therefore, the results of EDS and XPS fully 

proved that composite film included PVA, PANI, and WS2. 
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Figure 5. (a) CV of PVA/PANI/WS2 composite film. (b) Specific capacitances as a function of the scan 

rates. (c) GCD of PVA/PANI/WS2 film. (d) Specific capacitances as a function of the current 

densities. 

 

 

Table 1. Comparison of capacity performance of PVA/PANI/WS2 composite film with other materials.   

 

Electrode material Electrolyte 

Current 

density/Scan 

rate 

Specific 

capacitance 
Ref. 

MoS2-pCMF 2 M KCl 5 mV s-1 125 mF cm-2 [28] 

WS2/PEDOT:PSS film 1.0 M H2SO4 40 mV s-1 86 mF cm-2 [14] 

PEDOT/MoS2 

nanocomposite 
1.0 M KCl 1.0 mA cm-2 149.8 mF cm-2 [29] 

WO3@WS2 0.1 M Na2SO4 5 mV s-1 47.5 mF cm-2 [13] 

WS2/carbon cloth 5 M LiCl 4 mA cm-2 930 mF cm-2 [30] 

Graphite/PANI 1.0 M H2SO4 0.5 mA cm-2 355.6 mF cm-2 [31] 

PANI/PVA hydrogel 1.0 M H2SO4 1 A g-1 2320  mF cm-2 [32] 

CNT/PANI hydrogel 1.0 M H2SO4 1 mA cm-2 680 mF cm-2 [33] 

V2O5/PANI 5 M LiCl 0.5 mA cm-2 664.5 mF cm-2 [34] 

PVA/PANI/WS2 film 1.0 M H2SO4 
2 mV s-1 

200 mV s-1 

2437 mF cm-2 

1048 mF cm-2 

This 

work 

 

 

The electrochemical properties of PVA/PANI/WS2 composite film (effective area: S1= 0.28 cm2) 

were investigated by CV, GCD, and EIS. Fig. 5a shows the CV curves of PVA/PANI/WS2 composite 

film, the redox peaks in CVs were attributed to the oxidation and reduction reaction of WS2 and PANI. 
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The specific capacitance of PVA/PANI/WS2 composite film reached 2437 mF cm-2 at 2 mV s-1, with the 

scan rate of increasing to 200 mV s-1, the specific capacitance still maintained at 1048 mF cm-2 (Fig. 5b). 

Moreover, in Fig. 5c, the GCD showed a nearly symmetrical curves with large IR drop. The large IR 

drop mainly came from the large ions diffusion resistance. With increasing the current density from 5 

mA cm-2 to 100 mA cm-2, the specific capacitance decreased from 2572.5 mF cm-2 to 1250.7 mF cm-2. 

The specific capacitance of PVA/PANI/WS2 composite film was higher than those of other electrode 

materials (Table 1). This indicated that the flexible PVA/PANI/WS2 composite film would be a potential 

electrode material for supercapacitors.  

 

                                                                                                                                                                                                                                                                                                               

 
 

Figure 6. Nyquist plots (a) and long-term cycle stability (b) of PVA/PANI/WS2 composite film. 

 

 

To further evaluate the electrochemical behaviors of the PVA/PANI/WS2 composite film, EIS 

was measured over a range of 0.01 Hz to 105 Hz. Fig. 6a shows the Nyquist of the PVA/PANI/WS2 

composite film. At high-frequency region, a semicircle was observed, and the diameter of semicircle 

defined as the charge transfer resistance of electrode (Rct), the Rct value of the PVA/PANI/WS2 

composite film was 16.5 ohm. The line at the low-frequency region was slightly deviated from the 

vertical line. This was due to the pseudocapacitance behaviors of PANI and WS2 [35]. It is well-known 

that the cycle stability plays a significant role on the electrode material. Fig. 6b shows the cycle stability 

of PVA/PANI/WS2 composite film at 100 mA cm-2. At the first 500 cycles, the specific capacitance 

decreased to 90% of initial specific capacitance. After 5000 cycles, the PVA/PANI/WS2 film had 70% 

retention of the initial specific capacitance. The capacitance retention was higher than that of PANI. For 

example, PANI nanowire had 40% capacitance retention after 5000 cycles [36]; PANI film showed 36% 

capacitance retention after 50 cycles [37].  

 

 

 

4. CONCLUSIONS  

In summary, a flexible PVA/PANI/WS2 composite film was successfully prepared by the 

electrochemical reaction of the prefabricated PVA/aniline/WS2 hydrogel. The specific capacitance of 

the PVA/PANI/WS2 composite film reached 2437 mF cm-2 at 2 mV s-1. Even at a high scan rate of 200 
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mV s-1, the composite film still had a high specific capacitance of 1048 mF cm-2. Moreover, the 

composite film showed high cycle stability after 5000 cycles. This work provides a new strategy to 

fabricate flexible PVA/PANI/WS2 film with high capacitance performance. 
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