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Abstract 

Polyaniline (PANI), a low-cost conductive polymer with an excellent specific 

capacitance and a high conductivity, is a promising electrode material for 

supercapacitor. However, it tends to curl and swell after constant charge and discharge, 

resulting in poor cycle stability. In this work, we employed the interfacial 

polymerization route to construct an aniline-grafting graphene oxide/polyaniline (GO-

ANI/PANI) composite. The as-prepared composite shows a high specific capacitance 

of 160.5 F g-1 at 0.5 A g-1 under a wide potential window from 0.0 to 1.0 V. Importantly, 
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the capacitance retained 86% after 3000 cycles at a high current density of 10 A g-1 due 

to the enhanced interaction between GO and PANI and good conductive network. It has 

been demonstrated the GO-ANI/PANI composite has a higher specific capacitance and 

better stability compared to GO/PANI obtained by common method. This study implies 

that the composite electrode could be a competitive candidate for high performance 

supercapacitor. 

1. Introduction 

Clean, efficient and inexpensive energy storage devices are urgently needed to 

support widespread application of renewable energy and smart grid development.1,2 As 

a new type of energy storage device between traditional capacitor and battery, 

supercapacitor has been applied in various fields in recent years due to its high power 

density, long cycle life, and  friendly environment.3-5 According to the storage 

mechanism, supercapacitor can be divided into electrical double-layer capacitor and 

pseudocapacitor.6,7 The former stores energy by ion adsorption at the interface formed 

between electrode and electrolyte, while the latter mainly depends on redox reaction 

that can offer higher specific capacitance.8  

The electrode material plays a key role in the performance of supercapacitor, 

which can be mainly classified into carbon materials, transition metal oxide/hydroxide, 

and conducting polymers.9-11 The carbon materials commonly used in supercapacitors 

include activated carbon, carbon fiber, carbon nanotubes and graphene etc.12-14 

Graphene is a crystalline material arranged along a hexagonal lattice of carbon atoms 

and extended in two dimensions infinitely, making it endows many excellent properties, 
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such as high electronic conductivity and mechanical strength.15,16 Therefore, graphene-

based materials have attracted increasing attention and been widely employed for 

energy storage and conversion devices.17-19 However, the low specific capacitance of 

graphene-based electrodes for supercapacitors limits its application. 

Polyaniline (PANI) as one of excellent conducting polymers is a popular electrode 

material for pesudocapacitor with high theoretical specific capacitance, low fabrication 

cost and environmental friendliness.20,21 Nevertheless, the single PANI electrode suffers 

from poor cycle stability and low rate capability. Up to now, combining PANI with GO 

as composite electrode have been confirmed as an efficient method to solve this issue, 

which could not only make up for the low capacitance of carbon materials but also 

improve the stability of the conducting polymers.22-24 For instance, Chen et al25 

prepared rGO/PANI composite electrode by in situ one-pot method, retaining 81% of 

initial specific capacitance after 2000 cycles at a scan rate of 100 mV s-1; Zhou et al26 

reported GO/PANI electrode through in situ polymerization with 81% retention after 

1000 cylces. Apparently, the cycle stability of GO/PANI-based composite electrodes 

needed to be further improved, and the synthesis method is relatively complicated. 

Factually, interfacial polymerization is a simple, controllable, and effective method to 

produce regular and mass of PANI-based nanofibers compared to other methods,27-29 

which can suppress secondary growth of PANI by removing nanofibers from reactive 

interface. 

Therefore, we synthesized the aniline-grafting graphene oxide/polyaniline (GO-

ANI/PANI) composite via the interfacial polymerization process in this work. This kind 
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of the composite have two advantages: on the one hand, the tight interaction between 

GO and PANI can be enhanced with introduction of the ANI, because GO and ANI are 

electron acceptor and donor, respectively,30 which is beneficial for the cycle stability 

for the composite during continuous charge-discharge process; on the other hand, the 

presence of the ANI monomer is prone to yield conductive network,31 facilitating the 

electron transport. Desirably, the GO-ANI/PANI composite electrode exhibits a high 

specific capacitance of 160.5 F g-1 at 0.5 A g-1 and excellent capacitance stability with 

a retention of 86% after 3000 cycles at 10 A g-1. Furthermore, the GO/PANI composite 

are also prepared by in situ polymerization for comparison to demonstrate the beneficial 

combination of the GO-ANI/PANI. 

2. Experiment 

2.1 Materials 

Reagent-grade aniline (99.9%, monomer), ammonium persulfate ([NH4]2S2O8, 

98%), 1-butyl-3-methylimidazolium hexafluorophosphate, 1-butyl-3-

methylimidazolium tetrafluoroborate and 0.22 µm porous polyvinylidene fluoride 

(PVDF) membrane were obtained from J&K Scientific Co. Aniline was distill-purified. 

Graphite powder, thionyl chloride (SOCl2), N-Boc-4-aminophenol, trifluoroacetic acid, 

hydrochloric acid (HCl, 35~37%) and chloroform were purchased from Sinopharm 

Chemical Reagent Co., Ltd. (Beijing, China). Anhydrous tetrahydrofuran (THF) was 

distilled prior to usage. All other chemicals were directly used without further 

purification. 

2.2 Preparation of amine-terminated GO (GO-ANI) 
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GO was obtained according to the modified Hummers method, reported in the 

literature.32 500 mg of well ground GO was added into a two-neck 100 mL round flask 

charged with a stir-bar. Excess amount of SOCl2 (30 mL) was injected by syringe with 

stirring under a nitrogen atmosphere, and then heated to 85 oC for refluxing for 24 h to 

convert the surface-bound carboxylic acids to acyl chlorides. The vent was connected 

with a CaCl2 guard tube to prevent the resultant from hydrolysis. At the end of acyl 

chlorination reaction, the residual SOCl2 was removed by distillation under reduced 

pressure at 80 oC. The obtained solid was immediately dispersed in anhydrous THF (40 

mL) and further reacted with 4-N-Boc-aminophenol (0.5 g) under nitrogen protection. 

After refluxing 12 h at 80 oC, the resultant was cooled to room temperature to collect 

the solids. The solid products were washed with trifluoroacetic acid (30 mL) for 

deprotection of the N-Boc groups and subsequently filtrated through 0.22 μm porous 

PVDF membrane. The filtrated cake was washed with methanol and dried in vacuum 

dry oven at room temperature for 24 h and the as-obtained powder is assigned as GO-

ANI. 

2.3 Preparation of GO/PANI composites 

The GO-PANI composites were prepared by in situ polymerization. Firstly, the 

100 mg GO were dispersed into deionized water and ultrasonicated 30 mins to obtain 

100 mL homogeneous dispersion in a 250 mL beaker. Then, 100 mL of 8 mM ANI in 1 

M HCl was dropped into the beaker. After ultrasonication, the suspended mixture was 

stirred for 24 h after the addition of [NH4]2S2O8 and HCl. The filtrate cake was washed 

several times with alcohol, deionized water, and dispersed in deionized water finally. 
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The PANI nanofiber was prepared using the method demonstrated by Chiou.33 

2.4 Preparation of GO-ANI grafting polyaniline (GO-ANI/PANI) composites 

 

Scheme 1. Schematic illustration of the prepared GO-ANI/PANI composite. 

The whole process of GO-ANI/PANI composite is depicted in Scheme 1. GO-

ANI/PANI was prepared via an in situ low-temperature interfacial polymerization with 

ANI as a monomer. The detailed designated GO-ANI powder was dispersed into 6 mL 

of 3 M HCl and ultrasonicated 30 min to obtain a homogeneous dispersion in a 20 mL 

glass vial. Then 0.1 mL ANI was added to form an aniline/GO-ANI/HCl suspension, 

followed by moderate stirring for 30 min. After that, 3 mL chloroform was added to the 

mixture, forming an aqueous/organic interface (vol./vol. = 2:1, aqueous phase on the 

top and chloroform phase at the bottom). This bi-phase suspension was kept at a 

temperature below –10 oC with continuous stirring. Then, a freshly prepared solution 

of [NH4]2S2O8 in 3 M HCl was drop-wisely added into the vial and stirred at –40°C for 



7 

 

24 h, giving rise to the low-temperature interfacial in situ polymerization. In all 

reactions, the molar ratio of [NH4]2S2O8 to ANI was 10 to 1. After a short induction 

period ranging from 1 min to several minutes, the dark suspension became green at the 

interface, indicating a good initiation of polymerization, maintained a proper 

polymerization in a low-temperature. Along with the reaction, the color of the organic 

phase became darker, while the aqueous phase turned into shallow. After 

polymerization, the dark green resultant was filtered through 0.22 μm porous PVDF 

membrane and washed with deionized water and ethanol several times to remove 

residual monomer and oxidant. Finally, the filtrated cake was dried in vacuum overnight 

and denoted to beGO-ANI/PANI. As the initial weight ratio of GO-ANI to ANI was 

10:1, 5:1, 1:1 and 1:10, the obtained products were denoted as GO-ANI/PANI-1, GO-

ANI/PANI-2, GO-ANI/PANI-3 and GO-ANI/PANI-4, respectively. The pure PANI 

were synthesized via the same method described above without any GO-ANI into bi-

phase suspension before polymerization. 

2.5 Characterization and measurements 

Raman spectra of composites were collected using a micro-Raman spectrometer 

(Renishaw, InVia Microscope) with a 532 nm laser. Scanning electron microscopy 

(SEM) images were recorded by Hitachi-S4800 microscope. Transmission electron 

microscopy (TEM) images were obtained on FEI TECNAI G2 F20 microscope at an 

acceleration voltage of 200 kV. All the electrochemical characterizations were carried 

out on electrochemical workstation (CHI660B, Shanghai Chenhua). The specific 

capacitance (Cs, F g−1) of the electrode material can be calculated by equation (1):34 
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Cs  = 
It

 mV
              (1) 

where I (A g-1) is the discharged current density and t (s) is the discharge time, 

respectively. V (V) and m (g) mean the potential window and the total mass of electrode 

including active material and current collector (carbon cloth), respectively. 

3. Results and discussion. 

3.1 Characterizations 

 

Figure 1. SEM images of (a) PANI, (b) GO/PANI, (c) GO-ANI/PANI-1, (d) GO-

ANI/PANI-2, (e) GO-ANI/PANI-3, (f) GO-ANI/PANI-4. 

Figure 1 shows the SEM images of PANI and corresponding composite materials. 

As observed in Fig.1a, the pure PANI electrode presents fine fiber structure. The 

GO/PANI composite prepared by in situ polymerization has a layered outline, while the 

bare GO shows the sheet structure, as shown in Fig.1b. However, the GO sheet is 

relatively thick, suggesting that the PANI is hardly inserted during the in situ 

polymerization process. Namely, PANI merely adheres to the surface of GO and can’t 

substantially change the internal structure of GO attributed to their aggregation during 

composite process. The GO-ANI/PANI composites prepared by interfacial 
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polymerization, as displayed in Fig. 1(c-f), exhibit the significantly enhanced wrinkle 

degree with the increase of ANI contents. In addition, the structure of composites by 

interfacial polymerization are loose and porous liking a sponge derived from the 

irregular arrangement of PANI, which provides a large number of active sites.35 This 

porous structure can facilitate the electrolyte solution enter the interior of the material, 

which is crucial for the electrode material to store energy.36  

 

Figure 2. TEM images of (a) GO, (b) GO/PANI and (c, d) GO-ANI/PANI. 

Fig. 2a displays the TEM images of GO, revealing its semitransparent, ultrathin, 

wrinkled, partially curled structure,  enabling to collect PANI with sufficient contact 

area. Moreover, the curl structure with rich wrinkles offers essential resilience and 

allows the GO-ANI/PANI to have good flexibility. Fig. 2b shows the staggered 

brightness and darkness of the GO/PANI, which is caused by the uneven distribution 

of PANI nanofibers on the GO surface. As comparison, closely connected GO with 

porous structure and PANI nanofibers can be observed for as-prepared GO-ANI/PANI 

composite in Fig. 2c. During this combination, the ANI monomer plays an important 
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role in interfacial recombination, because it is beneficial for GO-ANI to graft PANI 

tightly during polymerization process. The high resolution of TEM image in Fig. 2d 

offers more clear evidence for the as-polymerized PANI nanofibers on the GO-ANI 

surface. The favorable characteristics of composite also are confirmed by specific 

surface area and pore size distribution, as exhibited in Fig. S1. As expected, the GO-

ANI/PANI shows a large BET specific surface area (19.4 m2 g-1) with hierarchical 

porous structures, which is corresponding with these of SEM and TEM analysis. 

 

Figure 3. (a) XPS spectra of GO-ANI and GO-ANI/PANI, and (b) Roman spectra of 

GO, GO/PANI and GO-ANI/PANI. 

XPS spectra of GO-ANI and GO-ANI/PANI are shown in Fig. 3. Obviously, the 

C, O, the presence and N elements can be found in both of the GO-ANI and GO-

ANI/PANI composites attributed to the successful combination of ANI and PANI into 

GO. Noted that, the N element in GO-ANI has a smaller content compared to GO-

ANI/PANI, indicating the successful function of ANI group in GO. Moreover, the ANI 

monomers have been polymerized and the GO-ANI/PANI composites have been 

obtained successfully. Additionally, Cl element has been also detected in these two 

samples, which is ascribed to the dope of anions of PANI. Fig. 3b displays the Raman 



11 

 

spectra of GO, GO/PANI, and GO-ANI/PANI. The spectrum of GO shows two 

prominent peaks at 1338 and 1593 cm–1, corresponding to the D and G bonds, 

respectively.37,38 For GO/PANI composite, there are several new prominent peaks 

compared to GO. The bands at 1164, 1337, 1482 and 1583 cm−1 are assigned to C−H 

bending of the quinoid ring, C−N+ stretching vibration, C=C vibration of the quinoid 

rings, and C−C stretching of the benzenoid ring, respectively,39,40 further indicating the 

successful combination of PANI in GO.  

3.3 Electrochemical performance 

 

Figure 4. Electrochemical performance of GO, PANI, GO/PANI and GO-ANI/PANI: 

(a) CV curves at a scan rate of 10 mV s-1 and (b) GCD curves at a current density of 

0.5 A g−1; (c) specific capacitance at different current densities and (d) cycle stability 

at 10 A g−1. 

The electrochemical behaviors of GO, PANI, GO/PANI and GO-ANI/PANI were 

measured in 1.0 M H2SO4 solution, as shown in Fig. 4. As can be seen from Fig. 4a, the 
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GO-ANI/PANI electrode shows a large integrated area in CV curve, revealing a higher 

electrochemical performance compared to GO and PANI at 10 mV s-1 under the same 

potential window from 0.0 to 1.0 V.41 However, the potential window for the pure 

electrode PANI is still maintained under a suitable range from 0.0 to 0.8 V with H2SO4 

as electrolyte, aiming to obtain ideal capacitive performance, which has been confirmed 

by theoretical calculation and experimental data in many works,42-44. The galvanostatic 

charge-discharge (GCD) curves of these electrodes are measured at a current density of 

0.5 A g−1, as shown in Fig. 4b, revealing that PANI and GO-ANI/PANI have longer 

discharge time than GO and GO/PANI electrodes. To evaluate the electrochemical 

performance of as-prepared composites, the specific capacitance at different current 

densities are calculated based on equation (1), as presented in Fig. 4c. The specific 

capacitance of GO-ANI/PANI (160.5 F g-1) is higher than that of GO/PANI (152.2 F g-

1) and comparable to that of PANI (166.8 F g-1) at a current density of 0.5 A g-1. The 

specific capacitance of GO is only 1.7 F g-1 at 0.5 A g-1, as shown in Fig. S2, which is 

much lower than that of GO-ANI/PANI composite.  

Long cycle life is also an important factor to evaluate the practical applications of 

capacitive electrode. Therefore, the cycle stability of PANI, GO/PANI and GO-

ANI/PANI are compared, as displayed in Fig. 4d. The capacitance of GO-ANI/PANI 

retains 86% after 3000 cycles, while the capacitance of the as-prepared PANI and GO-

PANI sharply decrease to 43% and 61%, respectively. Obviously, GO-ANI/PANI 

prepared by interfacial polymerization can significantly improve the stability of the 

composite electrode. This can be attributed to the stronger interaction between GO-ANI 
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and PANI than GO/PANI composite. Additionally, the as-prepared GO-ANI/PANI 

composite shows better capacitive performance and stability than those of previous 

electrodes, as listed in Table 1. 

Table 1 Comparison between the GO-ANI/PANI and reported conducting 

polymer/graphene oxide composites. 

Electrode Method 

Specific 

capacitance 

(F g-1) 

Cycle 

number 
Retention Ref. 

G/PANI 
In situ 

polymerization 

414 

(0.5 A g-1) 
2000 73.5% [20] 

GO/PANI 
In situ 

polymerization 

199 

(1 A g-1) 
5 85.4% [45] 

PPY/GO 
Interfacial 

polymerization 

92.2 

(100 mV s-1) 
* * [46] 

Sulfonated 

graphene/PANI 

Interfacial 

polymerization 

416 

(30 mV s-1) 
100 77% [47] 

PEDOT/RGO/ 

MnO2/Fe2O3 

Electro-

deposition 

172 

(100 mV s-1) 
1000 80% [48] 

GO-ANI/PANI 
Interfacial 

polymerization 

160 

(0.5 A g-1) 
3000 86% 

In this 

work 

The electrochemical behaviors of composite electrode under different initial 

weight ratio of GO-ANI to ANI are shown in Fig. 5. The GO-ANI/PANI-2 electrode 

exhibits the best electrochemical activity with apparent redox peaks at 10 mV s-1 in Fig. 

5a. 23,49 In Fig. 5b, these GCD curves are measured at a current density of 0.5 A g-1 

under a voltage window of 0-1.0 V. It can be seen that the shapes of these composite 

materials are similar, and the GO-ANI/PANI-2 shows the longest discharge time. The 

specific capacitance of GO-ANI/PANI-1, GO-ANI/PANI-3 and GO-ANI/PANI-4 are 

100.5 F g-1, 111.4 F g-1 and 67.4 F g-1, as shown in Fig. 5c. For comparison, the value 
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of the GO-ANI/PANI-2 is as high as 160.5 F g-1 at 0.5 A g-1. One can find, when the 

weight ratio of GO-ANI to ANI is 5:1, the composite electrode possesses favorable 

capacitive performance. A suitable ratio of GO-ANI and GO is very important for 

obtaining a high-quality capacitive material. The fact turns out that the interfacial 

polymerization is an effective method to enhance the stability of composite. 

 

Figure 5. Electrochemical performance of GO-ANI/PANI-1, GO-ANI/PANI-2, GO-

ANI/PANI-3 and GO-ANI/PANI-4: (a) CV curves at a scan rate of 10 mV s-1 and (b) 

GCD curves at a current density of 0.5 A g−1; (c) specific capacitance at different 

current densities. 

4. Conclusions 

In summary, the aniline-grafting graphene oxide/polyaniline composite as 

electrode for supercapacitors are constructed through an interfacial polymerization 

process. The GO-ANI/PANI electrode shows a superior specific capacitance of 160.5 

F g-1 at the current density of 0.5 A g-1 and long-term stability with 86% retention after 
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3000 cycles. The excellent capacitive behaviors of the composite can be attributed to 

its strong interaction, unique combination and favorable structure. It turns out that the 

interfacial polymerization is an effective strategy to fabricate GO-ANI/PANI composite 

with high electrochemical performance. 
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