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Abstract: Both polyaniline (PANI) and graphene are widely studied for their application as capaci-

tive electrodes in energy storage devices. However, although PANI can be easy synthesized, is of 

low cost and has a higher specific capacitance than graphene, pristine PANI electrodes do not pre-

sent long-term stability due to their large volume changes during release/doping of the electrolyte 

ions and surface area reduction with charge–discharge cycling. That is why a combination of PANI 

with carbonaceous materials, especially conductive and high-surface-area graphene as well as more 

widely used reduced graphene oxide (rGO), provides an effective approach to solve these problems. 

At the same time, the electropolymerization process is one of the possible methods for synthesis of 

PANI composites with G or rGO as freestanding electrodes. Therefore, no binders or additives such 

as carbon black or active carbon need to be used to obtain PANI/rGO electrodes by electrochemical 

polymerization (EP), in contrast to similar electrodes prepared by the chemical oxidative polymer-

ization method. Thus, in this paper, we review recent advances in EP synthesis of PANI/rGO nano-

composites as high-performance capacitive electrode materials, combining the advantages of both 

electrical double-layer capacitance of rGO and pseudocapacitance of PANI, which hence exhibit 

long cycle life and high specific energy. 
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1. Introduction 

Energy storage is one of the most important topics in scientific research today after 

solar, wind or other types of energy transformation development. Besides batteries, elec-

trochemical capacitors (often called supercapacitors (SC)) are widely studied as energy 

storage devices for their commercial applications in electrical cars, portable electronics, 

etc. [1,2]. The most famous electrode materials with electric double layer capacitor (EDLC) 

behaviour in both batteries and SC are carbon-based compounds [3], including activated 

carbon [4], porous carbons [5], graphene (G) as well as reduced graphene oxide (rGO) [6–

8], carbide-derived carbons [9], carbon xerogels [10] or carbon nanotubes [11] and their 

combinations [12–14]. However, the reported capacitances of carbonaceous materials are 

typically about 300–400 F/g in spite of high specific surface areas [15,16]. For instance, 

activated carbon, with a possible specific surface area up to 2500–3000 m2/g and pore vol-

ume approximately 2 cm3/g [17], can exhibit relatively low specific capacitance since its 

very small pore size (<2 nm in the majority) limits the electrolyte to access the entire sur-

face area [18–20]. On the other hand, carbon-family materials have shown almost 100% 

chemical stability after a high number of charging–discharging cycles and their addition 
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to composites significantly enhances the cycling stability. One of the most studied energy 

storage materials is reduced graphene oxide that can be relatively easily obtained as large 

flakes compared with monolayer graphene, but it can still show high electrical conductiv-

ity, great mechanical strength and large specific surface area [21]. 

At the same time, conducting polymers such as polyaniline (PANI) with high theo-

retical capacitance up to 2000 F/g [22] are frequently used for pseudocapacitor electrode 

materials because of their low cost, facile synthesis and high flexibility [23,24]. However, 

the poor electrochemical cyclic stability of PANI due to large volume changes during re-

lease/doping of the electrolyte ions [24,25], together with a decrease in the surface area 

after charge–discharge cycling [26], limits its application. So far, the stability of polyani-

line-based supercapacitors could be improved by means of dynamically evolving emul-

sion polymerization strategy or nano-compounding strategy [27]. Therefore, composites 

of PANI and carbonaceous materials have attracted extensive attention due to their supe-

rior electrochemical performance by combining the advantages of the electrochemical 

double-layer capacitance of carbonaceous materials and pseudocapacitance of PANI [28]. 

In a majority of the reported studies on the preparation of PANI-containing elec-

trodes for supercapacitors [29,30], as well as for batteries [31–38], the chemical oxidative 

polymerization (COP) method, based on a simple mixture of aniline monomer with an 

oxidative agent, typically in acid, was used for PANI synthesis. However, in this case, the 

obtained powders use to be combined with additives/binders to form the electrode. In 

contrast, PANI (as well as a mixture of PANI with other materials such as graphene or 

reduced graphene oxide) can be directly deposited onto a conductive substrate (including 

graphene-based) by the electrochemical polymerization (EP) method. Thus, EP showed 

advantageous possibilities for fabricating binder-free and flexible electrodes of PANI and 

graphene or reduced graphene oxide (for simplicity, both are designated here as 

PANI/rGO) as well as for maintaining a uniform thickness for the PANI layer. Despite 

this, to the best of our knowledge, there is just one recent report on PANI/rGO-based bat-

tery electrodes prepared by the EP method. A composite cathode of PANI on the graphene 

oxide (GO) layer prepared on a surface of graphite paper presented the specific capacity 

of 276 mAh/g and specific energy of 386 mWh/g, which is suggested for the new seawater 

battery application [39]. 

Interesting and important reviews were conducted on the use of PANI with gra-

phene-related materials for different research areas, especially for energy storage as su-

percapacitors [28–30,40,41], including flexible supercapacitors [42]; however, they did not 

focus on the electropolymerization process for the composite electrode preparation. At 

the same time, there are a number of recent advances on the EP preparation of PANI/rGO 

nanocomposites as electrode materials for supercapacitors, and they are presented in this 

review. The available information is summarized and several factors determining the elec-

trochemical performances of the PANI/rGO nanocomposites are also discussed. 

2. PANI/rGO Electrodes by Electropolymerization 

2.1. Layered PANI/rGO Structures 

During the EP of PANI, conductive substrates use to perform a function of the work-

ing electrode in the three-electrode system (as illustrated in Figure 1a), which works in 

constant voltage (or current), pulsed or cyclic voltammetry (CV) modes. A layered struc-

ture of PANI on rGO (PANI/rGO) obtained after the EP process is a common feature when 

the electrolyte consists of an acid such as H2SO4 or HCl and aniline (ANI) monomer and 

does not contain rGO. Furthermore, electrode CV increases in area when PANI is electro-

polymerized onto, e.g., vacuum-filtrated (VF) graphene paper (G-paper) compared to CV 

of G-paper only, as demonstrated in Figure 1b,c [43], resulting in higher specific capaci-

tance. 
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In the main part of the available reports on studies of EP PANI/rGO-layered struc-

tures summarized in Table 1, graphene-based materials were used as conductive sub-

strates [43–49]. Of these, a significant number of reports demonstrated graphene or rGO 

freestanding films or papers as effective conductive substrates for PANI grown by in situ 

EP, resulting in individual PANI layers [44,45,48]. To achieve that, graphene oxide (GO) 

solution can be deposited onto an A4 paper template [44], or simply dried as freestanding 

film [45,48] or prepared by VF [47] with the following chemical or thermal reduction. 

Figure 1d–f shows the layered composites obtained by EP in the three-electrode sys-

tem at constant 0.8 V for 60 s on rGO freestanding paper, prepared by covering A4 paper 

by GO with the following drying, peeling and chemical reduction [44]. The green colour 

(seen in Figure 1d) confirmed the growth of PANI as a highly porous (Figure 1e) and 

continuous (Figure 1f) layer. The obtained freestanding and flexible PANI/rGO electrode 

presented specific capacitance of 522 F/g at 1 A/g (with 60 wt% rGO and 40 wt% PANI), 

which is much higher than the 55 F/g measured for pristine rGO film. 

 

Figure 1. Illustration of the PANI EP on G-paper in the three-electrode system (a), cyclic voltammo-

grams of G-paper (b) and graphene/polyaniline composite paper (GPCP) prepared by EP for 900 s 

(c) (Reprinted with permission of [43]. Copyright 2009 American Chemical Society). Photograph of 

rGO, PANI/rGO and rGO/PANI/rGO papers (d), with top view (e) and cross-sectional view (f) mi-

crostructures of PANI/rGO paper [44]. 

A higher specific capacitance value of 763 F/g at 1 A/g was reported by Cong et al. 

for PANI/rGO with 22.3 wt% PANI prepared on freestanding rGO paper for 600 s EP 

process at 0.8 V [45]. Such capacitance was much higher than that of pristine rGO, while 

the cycling stability of PANI/rGO increased to 82% after 1000 cycles in comparison to only 

52% for pristine PANI. Polyaniline nanowire arrays were also grown by EP on graphene 

sheets in partially exfoliated graphite foil (Ex-GF) as conductive substrates for 5400 s with 

constant current density of 0.5 mA/cm2 by Ye et al. [46]. Such a PANI/Ex-GF electrode 

presented a specific capacitance of 840 F/g at 1 A/g and stability of 80.6% at 20 A/g after 

10,000 cycles [46]. 

Jin et al. prepared freestanding nitrogen-doped porous graphene (NPG) paper by 

vacuum filtration and microwave-initiated chain reduction to be used as a support for 

PANI nanocones electropolymerized at 0.7 V from an electrolyte containing 0.05 M ani-

line, 0.5 M camphorsulphonic acid (CSA) and 0.1 M tetraethylammonium tetrafluorobo-

rate (Et4NBF4) [47]. A specific capacitance up to 400 F/g at 1 mA/cm2 was reported for the 

prepared electrodes [47]. A much higher specific capacitance of 759 F/g was measured by 
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Lv et al. for PANI grown on rGO paper at the same 0.8 V but only for 30 s and glued by 

silver paste on indium tin oxide (ITO) substrate [48]. 

Table 1. Available data of the specific capacitance, cycling stability and summary processing details 

of the layered PANI/rGO single electrodes measured in the three-electrode systems or full SC, ordered 

by type of substrate. 

Substrate Electrolyte 

Details of Polymeriza-

tion Process (and Com-

posite Component Con-

tents or PANI Mass 

Loading) 

Specific Capacitance 

(F/g) of rGO, PANI, 

PANI/rGO Electrodes 

(rGO//PANI//PANI/rGO) 

or SC Based on These (at 

Current Density or Scan 

Rate) 

Cycling Stability (%) of 

PANI/rGO Electrodes 

or SC Based on These 

(at Cycle Number, Cur-

rent Density or Scan 

Rate) 

Specific Energy 

(Wh/kg)/Specific 

Power (W/kg) of 

Symmetric SC (Elec-

trolyte Type, Poten-

tial Window) 

Ref. 

rGO paper (VF of gra-

phene suspension) 

0.5 M H2SO4, 

0.05 M ANI 
0.75 V, 900 s 

single electrode: 

147//-//233 (20 mV/s) 

single electrode: 

>100 (1500, 20 mV/s) 
- [43] 

rGO paper (GO on A4 

paper template, HI, so-

dium bicarbonate) 

1 M HCl,  

0.3 M ANI 

0.8 V and 2 mA/cm2, 60 s 

(rGO:PANI as 3:2) 

single electrode: 

55//-//522 (1 A/g) 

single electrode: 

57 (10,000, 10 A/g) 
- [44] 

rGO paper (GO, HI) 
1 M H2SO4,  

0.1 M ANI 

0.8 V, 600 s  

(22.3 wt% PANI) 

single electrode: 

180//-//763 (1 A/g) 

single electrode: 

82 (1000, 5 A/g) 
- [45] 

Partially exfoliated G 

foil 

1 M HClO4,  

0.05 M ANI 

0.5 mA/cm2, 5400 s (1.29 

mg/cm2) 

single electrode: 

-//-//840 (1 A/g) 

single electrode: 

80.6 (10,000, 20 A/g) 
- [46] 

N-doped rGO paper 

(GO, γ-ray irradiation 

reduction, VF) 

0.05 M ANI,  

0.5 M CSA,  

0.1 M Et4NBF4 

0.7 V, 2 C/cm2 
single electrode: 

-//-//330 (1 mA/cm2) 
- - [47] 

rGO paper (GO, HI, 90 

C, 2 h) on ITO 

1 M H2SO4,  

0.1 M ANI 
0.8 V, 30 s 

single electrode: 

-//-//759 (1 A/g) 
- - [48] 

rGO hydrogel (GO, so-

dium ascorbate, HT 90 

°C, 1.5 h, pressed disk) 

1 M H2SO4, 

0.4 M ANI 

CV mode from –0.2 to 

+0.8 V at 10 mV/s 

(61 wt% PANI) 

single electrode: 

-//-//791 (1.14 A/g) 
- - [49] 

3D G grown by CVD on 

Ni foam template 

1 M HClO4,  

0.1 M ANI 

0.65 mA/cm2, 2500 s (7.1 

wt% PANI, 92.9 wt% G) 

single electrode: 

-//-//751 (1 A/g) 

single electrode: 

93.2 (1000, 4 mA/cm2) 
- [50] 

G grown on wavy-

shaped Ni foam tem-

plate 

1 M H2SO4,  

0.5 M ANI 

pulsed mode, pulse 

length of 4 s, 60 cycles at 2 

mA/cm2 

SC: 

-//-//261 (0.38 A/g) (based 

on mass of PANI) 

SC: 

89 (1000, 1 mA/cm2) 

23.2/399 (H3PO4-PVA, 

0–+0.8 V) 
[51] 

G woven fabric  

(by CVD) 

1 M HCl,  

0.5 M ANI 
0.8 V, 900 s 

SC: 

67 (0.1 mA/cm2)//-//771 

SC: 

100 (2000, -) 

15 mWh/m2/ 

0.33 mW/cm2 (H3PO4-

PVA, −0.4–+0.6 V) 

[52] 

G-coated polyester tex-

tile 

1 M H2SO4,  

0.1 M ANI 

0.75 V (10 wt% PANI, 0.2 

mg/cm2) 

single electrode: 

-//-//896 (1 A/g) 

SC: 

75.55 (1000, 10 A/g) 

13.11/200 (H3PO4-

PVA, 0–+0.8 V) 
[53] 

Hydrogen-bonded G on 

ITO 

1.0 M KOH, 

0.1 M ANI 
50 cycles from 0 V to 1.0 V 

single electrode: 

-//217//598 (1 A/g) 

single electrode: 

95 (5000, 1 A/g) 
- [54] 

rGO (GO, hydrazine va-

pour) on PDMS 

0.5 M H2SO4, 

0.05 M ANI 
0.75 V, 4500 s (26% rGO) 

SC: 

-//1268//973 (2.5 A/g) 

SC: 

90 (1700, 2.5 A/g) 
- [55] 

In addition to free-standing rGO films or papers, 3D porous graphene frameworks 

such as graphene hydrogel (GH) prepared by hydrothermal method (HT) were used as a 

substrate for PANI EP deposition [49,56,57]. However, an obvious PANI layer can only be 

observed on GH preliminary pressed into disk form by Wu et al. [49] to obtain a denser 

structure before the polymerization process. In addition, Wu et al. studied the influence 

of additional GH immersion into an electrolyte for 24 h before the electrodeposition for 

the monomer diffusion into the pressed GH disc [49]. The specific capacitance of elec-

trodes prepared with additional immersion was found to be 789 F/g at a low current den-

sity of 1.35 A/g that was comparable with 791 F/g at 1.14 A/g for electrodes without pre-

liminary immersion. However, the specific capacitance of the electrodes without prelimi-

nary immersion decreases by 43% toward 450 F/g with an increase of the current density 

to 27 A/g in contrast to the electrodes after immersion, keeping ~790 F/g at 27 A/g [49]. 

One more porous substrate such as reduced graphene oxide foam (GF) was obtained 

by Yu et al. using Ni foam as a template during chemical vapour deposition (CVD) of 
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graphene with the following etching of the Ni framework to obtain a 3D graphene net-

work [50]. The best electrode reported by Yu et al. was prepared onto GF after 2500 s of 

the EP process, contained only 7.1 wt% PANI, and presented the specific capacitance of 

751 F/g together with high cycling stability of 93.2% after 1000 cycles and 4 mA/cm2 [50]. 

At the same time, Xie et al. used a porous graphene sheet prepared with a wavy shape 

after Ni foam dissolving (Figure 2a–f) for the PANI deposition by a pulsed EP process and 

fabrication of the stretchable wavy-shaped supercapacitor with H3PO4-polyvinyl alcohol 

(PVA) electrolyte (Figure 2f) [51]. According to a rough calculation of the characteristics 

of a sine wave, it was predicted that the wavy-shaped graphene can be stretched by ap-

proximately 30%. Symmetric supercapacitors made of these layered PANI/waved-gra-

phene electrodes presented the specific capacitance of 261 F/g at 0.38 A/g (based on total 

mass of PANI) and 89% cycling stability after 1000 cycles at 1 mA/cm2 [51]. 

In addition to freestanding graphene papers and freestanding 3D graphene frame-

works, textile material covered by graphene, including graphene woven fabric (GWF) [52] 

and graphene-coated polyester textile (GPT) (Figure 2g–j) [53] can be used as a support 

for PANI. A symmetric supercapacitor made of PANI electropolymerized on GWF at 0.8 

V for 900 s from 1 M HCl and 0.5 M ANI electrolyte has shown a specific capacitance of 

771 F/g [52], which is comparable to 897 F/g reported for the single PANI on GPT electrode 

prepared at 0.75 V from 1 M H2SO4 with 0.1 M ANI electrolyte [53]. Moreover, the device 

on such PANI/GWF electrodes was found to be very stable with 100% response after 2000 

cycles [52]. In addition, Lin et al. prepared a PANI layer on carbon woven fabric (CWF) 

by EP at 0.65 V from 1 M H2SO4 with 0.1 M ANI electrolyte and obtained an electrode with 

the specific capacitance of ~375 F/g at 1 A/g [58]. 

 

Figure 2. Schematic description of stretchable supercapacitor fabrication: flat Ni foam (a), wavy-

shaped Ni foam (b), preparation of porous graphene in a wave shape by using Ni foam as a catalyst 

(c), deposition of PANI onto porous graphene via pulsed electrochemical deposition (d), coating 

with H3PO4-PVA gel electrolyte (e) and encapsulation of supercapacitor in elastomeric Ecoflex (f) 

(Reprinted from [51] with permission of RSC Publishing). Schematic illustration for the preparation 

of PANI/GPT textile electrode (g), microstructures of polyester textile (PT) (h), PT covered by gra-

phene (GPT) (i) and PANI/GPT (j) (Reprinted from [53] with permission of Wiley). 

Besides the graphene-based supports, conductive indium tin oxide (ITO) glass sub-

strate was also used for the deposition of hydrogen-bonded graphene (HbG) and the fol-

lowing electropolymerization of PANI [54]. The preparation of HbG lamellar structure on 

ITO increased the specific capacitance from 217 F/g for pristine PANI on ITO to 598 F/g at 

1 A/g for PANI prepared on ITO with HbG [54]. 

In addition, a supercapacitor based on patterned interdigital finger PANI/rGO elec-

trodes on polydimethylsiloxane (PDMS) substrate was prepared by Xue et al. [55]. That 
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involved a layer of PANI nanorod arrays being electropolymerized on chemically reduced 

and patterned graphene oxide film on PDMS substrate in the three-electrode system at 

constant 0.75 V for 4500 s (Figure 3). The obtained planar supercapacitor made of 

PANI/rGO electrodes has shown the highest specific capacitance of 973 F/g at 2.5 A/g (or 

1268 F/g based on PANI weight only) among those listed in Table 1, with high cycling 

stability of 90% at 2.5 A/g after 1700 cycles [55]. 

 

Figure 3. Fabrication of patterned interdigital finger PANI/rGO microelectrodes (Reprinted from 

[55] with permission of Wiley). 

Another possible approach to increase the specific capacitance of PANI with rGO 

was to add a layer of carbon nanotubes (CNT) obtained by floating catalyst chemical va-

pour deposition between rGO deposited by electrophoretic deposition on Ni foam and an 

electropolymerized PANI layer (from 0.5 M H2SO4 and 0.2 M ANI), as reported by Xiong 

et al. [59]. After the electropolymerization process induced by altering the voltage be-

tween 1.4 V and 3.0 V from 5 min to 30 min, surface areas increased from 245 m2/g for 

rGO-CNT to 312 m2/g for rGO-CNT covered by PANI, as can be seen from the N2 adsorp-

tion/desorption isotherms of rGO-CNT and rGO-CNT-PANI in Figure 4a. The larger spe-

cific area of rGO-CNT-PANI was explained by the introduction of PANI nanofibers used 

as a spacer to prevent the rGO from further agglomerating, as shown in the transmission 

electron microscopy (TEM) image of rGO-CNT-PANI (Figure 4b) in which the rGO-CNT 

coexists with PANI nanofibers (marked by the arrows). CNT (shown in the inset of Figure 

4b) could be used as a conductive bridge interconnected between rGO and PANI nano-

fibers. Such a structure of rGO-CNT-PANI increases the conductivity of the hybrid mate-

rial and can facilitate the access of electrolyte ions to the inner of the electrode material. 

As shown in Figure 4c, the specific capacitance of 816 F/g at 2 A/g and cycling stability of 

95% at 10 mV/s after 5000 cycles were measured in Li2SO4 electrolyte for SCs prepared on 

PANI/CNT/rGO electrodes, which is significantly higher than the results obtained for 

rGO with CNT only [59]. 

 

Figure 4. The N2 adsorption/desorption isotherms of rGO-CNT-PANI and rGO-CNT materials (a). 

TEM images of rGO-CNT-PANI (b), with CNT nanofibers presented in the inset. Cycling perfor-

mance of the rGO-CNT-PANI and rGO-CNT electrodes at a scan rate of 10 mV/s (c) (Reprinted from 

[59], Copyright 2017, with permission of Elsevier). 
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2.2. Multilayer and Inverse PANI/rGO Structures 

An additional layer of rGO on already prepared PANI on conductive substrate was 

reported to improve the electrochemical properties of the final electrode, as summarized 

in Table 2 [44,60]. When PANI/rGO was completely covered by a layer of rGO after deep 

coating and reduction that resulted in the rGO/PANI/rGO structure, as shown in Figure 

5a, an increase of the specific capacitance of PANI/rGO (60 wt% rGO and 40 wt% PANI) 

from 522 F/g to 581 F/g at 1 A/g was reported by Xiao et al., as shown in Figure 5b. More-

over, the cycling stability of the obtained multilayer structure was also reported to in-

crease, as shown in Figure 5c [44]. 

 

Figure 5. Cross-sectional view of microstructure of rGO/PANI/rGO papers (a) (inset is top view). 

CV curves of rGO/PANI/rGO, PANI/rGO and rGO paper electrodes at a scan rate of 10 mV/s in 1 

M H2SO4 electrolyte (b). Cycle performance of rGO/PANI/rGO and PANI/rGO paper electrodes at 

10 A/g over 10,000 cycles (c) [44]. 

Table 2. Available data of the specific capacitance, cycling stability and summary processing details 

of the layered PANI/rGO single electrodes measured in three-electrode systems or full SC. 

Substrate Electrolyte 

Details of Polymeriza-

tion Process (and Com-

posite Component 

Contents or PANI 

Mass Loading) 

Specific Capacitance of 

Prepared Electrodes or 

SC Based on These (at 

Current Density or Scan 

Rate) 

Cycling Stability (%) of 

Prepared Electrodes or 

SC Based on These (at 

Cycle Number, Current 

Density or Scan Rate) 

Specific Energy 

(Wh/kg)/Specific 

Power (W/kg) of Sym-

metric SC (Electrolyte 

Type, Potential Win-

dow) 

Ref. 

rGO paper (GO on A4 

paper template, HI, so-

dium bicarbonate) 

1 M HCl,  

0.3 M ANI 

0.8 V and 2 mA/cm2, 60 

s (rGO:PANI as 3:2) 

rGO/PANI/rGO 

single electrode: 

581 F/g (1 A/g) 

rGO/PANI/rGO 

single electrode: 

85 (10,000, 10 A/g) 

10.79/- 

(H2SO4-PVA, 0–+0.8 V) 
[44] 

Carbon woven fabric 

(CWF) 

1 M H2SO4,  

0.1 M ANI 

0.65 V (2.2 mg/cm2 into 

GO + PAH, HI) 

rGO/PANI/CWF 

single electrode: 

571 F/g or 812 F/cm2 (1 

A/g) 

SC: 

790.4 F cm2 (1 A/cm2) 

rGO/PANI/CWF 

single electrode: 

88.9 (5000, 10 A/g) 

SC: 

82 (3000/10 A/g) 

28.21 μWh/cm2/ 

0.12 mW/cm2 (H2SO4-

PVA, 0–+1 V) 

[58] 

Ni foam or ITO 
1 M H2SO4,  

0.5 M ANI 

CV mode from −0.6 V to 

1.4 V at 100 mV/s 

ErGO/PANI/Ni or ITO 

single electrode: 

550 (10 mA/g) 

ErGO/PANI/Ni or ITO 

single electrode: 

~95 (1000, 1.5 A/g) 

79.4/1000 

(H2SO4, −0.2–+0.6 V) 
[60] 

CV area and charging/discharging time were also reported to increase (Figure 6a,b) 

after the additional deposition of the rGO layer on the PANI/GWF surface by sequential 

dipping into poly(allylamine hydrochloride) (PAH) solution and 0.5, 1, 3 or 5 mg/mL GO 

dispersion for 5 h with further reduction in HI/ethanol solution [58]. GO concentration 

was found to play the key role in forming a well-distinguishable wrapping layer. As 

shown in Figure 6c–f, rGO gradually becomes thicker, from several nanometres to nearly 

1 μm, when GO concentration increases from 0.5 mg/mL to 5 mg/mL. When the GO sus-

pension concentration is lower than 1 mg/mL, rGO nanosheets were hardly found at the 

surface (Figure 6c,d) leaving PANI particles exposed to the ambient area, while rGO 

nanosheets could foreseeably envelope the whole electrode at a higher concentration. 
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When rGO concentration exceeds 1 mg/mL, the rGO layer has a thickness of several hun-

dred nanometres (Figure 6e) and reaches nearly 1 μm at a concentration of 5 mg/mL (Fig-

ure 6f). However, restacking rGO flakes at an elevated GO concentration would hinder 

the full utilization of the surface area, limiting the accessibility of the electrolyte ions. 

Thus, while highly aggregated rGO might lower the electrochemical performance, sheets 

of few graphene layers have been proven to form an interconnected mesoporous network, 

acting as ion-buffering reservoirs. This resulted in an increase of the specific capacitance 

up to 571 F/g at 1 A/g after rGO decoration of the PANI/CWF electrode, with the optimal 

GO concentration of 1 mg/mL in comparison to ~375 F/g reported for PANI/CWF without 

decoration [58]. 

 

Figure 6. CV (a) and GCD (b) curves and microstructures of rGO/PANI/carbon woven fabric elec-

trodes made with GO concentrations of 0.5 mg/mL (c), 1 mg/mL (d), 3 mg/mL (e) and 5 mg/mL (f). 

The inset in (f) is a zoom with a scale bar of 1 μm. (Reprinted from [51], Copyright 2018, with per-

mission of Elsevier). 

To avoid the GO chemical reduction step, Gupta et al. prepared a PANI layer via in 

situ EP using a cycling voltammetry mode from −0.6 V to +1.4 V followed by electrochem-

ical reduction of graphene oxide (ErGO) forming ErGO/PANI structures on Ni foam or 

ITO substrates [60]. To achieve that, water-soluble graphene oxide sheets were drop-

casted on as-synthesized PANI and the resulting GO/PANI bi-layer was then placed in an 

aqueous solution containing 1 M NaCl-based buffer media for 1200 s in amperometric 

mode at −0.9 V (see scheme I in Figure 7a). Following this scheme, structures with a num-

ber of ErGO/PANI bi-layers from 1 to 5 were prepared in a layer-by-layer (LbL) manner, 

presenting a blend of ErGO nanosheets and PANI nanostructures. On the other hand, 

when Gupta et al. used already chemically reduced GO solution drop-casted onto a PANI 

layer prepared by the COP method according to scheme II in Figure 7b, occasional break-

ing of PANI/rGO films with increasing thickness and characteristic wrinkled graphene 

nanosheets walls was observed [60]. Correspondingly, one layer of EP ErGO/PANI single 

electrode and symmetric supercapacitor made of the ErGO/PANI electrodes presented 

much higher specific capacitance than that of the chemically treated rGO/PANI electrode 

and corresponding symmetric SC (Figure 7c). As can also be seen in Figure 7c, the specific 

capacitance of these electrodes decreased with a number of layers. Moreover, the cycling 
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stability of the single ErGO/PANI electrode was ~95% after 1000 cycles at 1.5 A/g, and was 

higher than that of rGO/PANI and the pristine PANI electrode (Figure 7d) [60]. 

 

Figure 7. Preparation of layer-by-layer (LbL) assembled hybrid films of PANI with GO and ErGO 

nanosheets on ITO substrates designated as Scheme I (a). Preparation of electrostatic LbL hybrids 

of PANI with different rGO wt% nanosheets on ITO substrates by Scheme II (b). Specific capacitance 

for (PANI/ErGO)n and (PANI/rGO)n hybrids prepared using Scheme I and Scheme II with the num-

ber of bi-layers n from 1 to 8 (c). Plots of cycle life test of PANI, PANI/ErGO and PANI/15 wt% rGO 

(d) (Reprinted from [60], Copyright 2016, with permission of Elsevier). 

2.3. Mixed PANI/rGO Structures 

In addition to the layered structures of PANI/rGO obtained by the EP process, mixed 

PANI and rGO composites were also prepared by EP when graphene or rGO (or GO with 

the following reduction) were added into electrolyte containing an acid such as H2SO4 or 

HCl and aniline monomer (see Table 3). 

A mixed PANI/rGO film was prepared by Kakaei et al. from the electrolyte consisting 

of GO, ANI and sodium dodecyl sulphate (SDS) by EP on carbon paper [61]. A symmetric 

device with PANI/rGO films prepared for 2 h at a current density of 0.3–0.5 mA/cm2 has 

shown high stability of 88% after 5000 cycles. Moreover, as reported, the addition of rGO 

into electrolyte led to increasing specific capacitance from 260 F/g measured for rGO or 

430 F/g reported for PANI up to 890 F/g obtained for PANI/rGO [61]. 

As mentioned in the previous sub-chapter, graphene hydrogel (GH) prepared by the 

hydrothermal method (HT) was used as a support to obtain a layered PANI/rGO structure 

in the case of GH pressed into disk form [49]. On the other hand, the use of highly porous 

GH in electrolyte with ANI leads to incorporation/deposition of PANI on the surface of 

GH, forming a mixed PANI/rGO structure (Figure 8a) [56,57]. Such electrodes were re-

ported as very stable (90% after 8000 cycles [57] or 93.1% after 5000 cycles [56]). Moreover, 

independently of the time of the EP process, the electrodes showed high specific capaci-

tance of 710 F/g at 2 A/g (EP at 0.8 V for 1200 s) [56] and 854 F/g at 1 A/g (EP at 0.75 V for 

100 s) [57]. 
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Table 3. Available data of the specific capacitance, cycling stability and summary processing details 

of mixed PANI/rGO composite single electrodes measured in three-electrode systems or full SC or-

dered by type of the used substrate. 

Substrate Electrolyte 

Details of Polymeriza-

tion Process (Compo-

site Component Con-

tent or PANI Mass 

Loading) 

Specific Capacitance (F/g) 

of rGO, PANI, PANI/rGO 

Electrodes 

(rGO//PANI//PANI/rGO) or 

SC Based on These (at Cur-

rent Density or Scan Rate) 

Cycling Stability (%) of 

PANI/rGO Electrodes 

or SC Based on These 

(at Cycle Number, Cur-

rent Density or Scan 

Rate) 

Specific Energy 

(Wh/kg)/Specific 

Power (W/kg) of 

Symmetric SC 

(Electrolyte Type, 

Potential Window) 

Ref. 

Carbon paper ANI, GO, SDS 0.3–0.5 mA/cm2, 7200 s 
single electrode: 

260//430//600 (1 mV/s) 

single electrode: 

88 (5000, 3 A) 
- [61] 

GH (GO, HT 180 °C, 

14 h) pressed on car-

bon cloth 

HCl, ANI 
0.75 V, 100 s 

(1 mg/cm2) 

single electrode: 

-//-//854 (1 A/g) 

SC: 

-//-//741 (20 A/g) 

single electrode: 

90 (8000, 20 A/g) 

SC: 

92.6 (8000, 20 A/g) 

14.8/6700 

(H2SO4-PVA, 

0–+0.8 V) 

[57] 

GH (GO, HT 180 C, 

12 h) 

1 M H2SO4,  

0.05 M ANI 

0.8 V, 1200 s 

(29 wt% PANI, 

71 wt% G) 

single electrode: 

230//-//710 (2 A/g) 

SC: 

86 (1000, 2 A/g) 

24/30,000 

(H2SO4,  

0–+0.8 V) 

[56] 

Porous sponge-like 

IL-rGO (IL reduced 

GO, BMIMBF4, DMF, 

HT 180 C, 12 h) 

1 M H2SO4,  

0.05 M ANI 
0.8 V, 60 s, at 2 mA/cm2 

single electrode: 

~200//-//662 (1 A/g) 

single electrode: 

93.1 (5000, 10 A/g) 
- [62] 

G foam (GO, HT 180 

C, 12 h, freeze) into 

NF 

0.5 M H2SO4,  

0.1 M ANI 

CV mode from −0.5  

to +1.5 V 

single electrode: 

192//-//478 (1 A/g) 
- - [63] 

G foam (Ni template) 
HCl:CH3OH:ANI 

as 1:0.5:0.2 M 
0.8 V, 540 s with stirring 

single electrode: 

26//-//968 (0.31 A/g) (based 

on mass of PANI-NFS/GF)  

or 1474 F/g (0.47 A/g) (based 

on mass of PANI-NFS) 

single electrode: 

83 (15,000, 28 mA/cm2) 
- [64] 

ITO 

n-hexane, n-

hexanol, 

TritonX-100, ANI, 

HNO3, G 

2-el. syst., pulse gal-

vanostatic current pro-

cess with charge loading 

of 500 mC, at 

 1 mA/cm2 

single electrode: 

-//-//878 (1 A/g) 

single electrode: 

~80 (1000, 10 A/g) 
- [65] 

ITO GO, H2SO4, ANI 
CV mode from − 1.3 to  

+ 1.0 V at 50 mV/s 

SC: 

-//-//640 (100 mV/s) 

SC: 

90 (1000, 0.1 A/g) 
- [66] 

Porous sponge-like rGO modified by ionic liquid (IL) was prepared by the HT 

method and freeze-dried for the following PANI deposition by EP (Figure 8b,c) [62]. For 

the nucleation and growth of PANI nanorods, a IL-rGO electrode was immersed into a 1.0 

M H2SO4 electrolyte containing 0.05 M aniline monomer and constant potential of 0.8 V 

was applied for 60 s at constant current density of 2 mA/cm2 (Figure 8b). The nanocom-

posite formed by in situ EP of PANI on the freestanding IL-rGO electrode was shown to 

consist of the pore walls of the IL-rGO sponge entirely covered by the coral-like PANI. 

Prepared hybrid material had a high specific capacitance of 662 F/g at 1 A/g, much higher 

than the reported capacitance for rGO and IL-rGO (Figure 8d) [62]. 
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Figure 8. Illustration for the fabrication process of PANI/rGO composite hydrogel film (a) (Re-

printed from [50], Copyright 2021, with permission of Elsevier). Microstructures of freeze-dried 

sponge-like IL-rGO (b) and PANI-IL-rGO nanocomposite (c). Specific capacitances of PANI-IL-rGO, 

IL-rGO and rGO electrodes versus discharge current densities (d) (Reprinted from [62], Copyright 

2016, with permission of Elsevier). 

Porous graphene foam (GF) obtained by HT and freeze-drying processes onto a Ni 

template was used for EP of PANI with a scanning voltage range of −0.5 V to +1.5 V by 

Wu et al. [63]. Such 3D PANI-GF on a Ni structure presented a specific capacitance of 479 

F/g at 1 A/g that was much higher than the 192 F/g reported for pristine GF onto Ni [63]. 

Pedros et al. prepared several porous PANI-rGO electrodes using GF as a substrate 

and HCl, ANI and methanol (CH3OH) as electrolytes at different EP conditions including 

with/without stirring, pulsed/DC potential, etc. [64]. As a result, the highest specific ca-

pacitance of 968 F/g at 0.31 A/g for the final electrodes prepared under direct current (DC) 

potential for 540 s with stirring was reported based on the total mass of the GF/PANI 

material (or 1474 F/g based on the mass of PANI alone) [64]. 

Hu et al. used ITO substrate as a working electrode and graphite as a counter elec-

trode in a two-electrode cell (Figure 9a) for the preparation of PANI/rGO films by electro-

chemical polymerization from electrolyte containing HNO3, graphene, n-hexane, h-hex-

ane and TritonX-100 [65]. PANI/rGO film was obtained after the combination of rGO (Fig-

ure 9b) and PANI (Figure 9c) and electrochemical polymerization that was performed 

through a pulse galvanostatic current process at a mean current density of 1 mA/m2 (Fig-

ure 9d). Graphene nanosheets were embedded into PANI, suggesting graphene intercon-

nection with the polymer. The specific capacitance of 878 F/g at 1 A/g was reported for the 

prepared PANI/rGO film on ITO [65]. 
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Figure 9. Scheme of the in situ electrochemical polymerization process of the nanorod-PANI–Gra-

phene composite film (a). Microstructure of graphene (b), nanorod PANI film (c) and PANI–Gra-

phene composite film (d) (Reprinted from [65] with permission of RSC Publishing). 

A slightly lower specific capacitance of 640 F/g at 100 mV/s was reported by Feng et 

al. for mixed PANI/rGO film deposited on ITO substrate as a working electrode in a three-

electrode cell. Using Pt as a counter electrode and a saturated calomel electrode (SCE) as 

a reference electrode, the EP process was performed by scanning the potential of the elec-

trodes between −1.3 V and +1.0 V at 50 mV/s in the mixed electrolyte including GO (with 

the following reducing), ANI and H2SO4 [66]. A high cycling stability of 90% after 1000 

cycles at 0.1 A/g was reported for SC made of these films [66]. 

Thus, it can be concluded that during electrochemical polymerization, PANI mole-

cules are electronegatively and the surface of graphene network is positively charged, and 

they can form both layered and mix structures. The EP of PANI can be performed at con-

stant applied electric potential, with the optimal potential value of 0.8 V according to Lv 

et al. [48]. 

Based on a few works mentioning the amount of PANI in the final electrode (see 

Tables 1–3), the specific capacitance as well as cycling stability of PANI/graphene elec-

trodes are not strongly dependent on the PANI content. However, the value of the specific 

capacitance can vary, for example, with the time of the polymerization process 

[45,46,48,50,52,56,57], the process cycling number that forms the PANI layer number 

[49,60], charge loading [46,65] and applied current density during EP [47]. 

At the same time, a relationship between the structure of PANI/rGO composite and 

the electrochemical properties of the composite electrode was also reported by Liu et al. 

[67]. Three kinds of PANI with graphene on carbon cloth (CC) electrodes with different 

spatial distribution of graphene sheets depicted in Figure 10 were fabricated by the elec-

trochemical approach. First, the electrode was fabricated by electrochemical deposition of 

PANI and graphene onto the surface of CC (PANI-G-ACC), as shown in Figure 10a. Sec-

ond, the exfoliated graphene sheets in a Li2SO4 solution were firstly deposited onto CC by 

cyclic voltammetry and then the electrode was prepared by depositing PANI and gra-

phene on the modified CC (PANI-G-GCC), as shown in Figure 10b. Third, after the exfo-

liated graphene was also firstly deposited on the CC, a PANI layer was grown on the 

modified CC, using 0.5 M H2SO4 solution containing 0.2 M aniline and the electrochemical 

polymerization method, and then exfoliated graphene was again deposited on top of 

PANI resulting in the PANI-GCC+G structure presented in Figure 10c. 
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Figure 10. SEM images (left) and schematic view (right) for three kinds of PANI with graphene on 

carbon cloth with different spatial distribution of graphene sheets: aniline was mixed with graphene 

oxide before electropolymerization onto carbon cloth (PANI-G-ACC) (a), PANI was polymerized 

onto carbon cloth with already deposited graphene (PANI-G-GCC) (b) and additional graphene 

was deposited onto already prepared PANI/rGO/CC (PANI-GCC+G) (c). GCD curves at the current 

density of 5 mA/cm2 for the supercapacitors assembled with three kinds of the composite electrodes 

by using H2SO4/PVA (d) and Fe3+/H2SO4/PVA electrolytes (e) (Reprinted from [67], Copyright 2022, 

with permission of Elsevier). SEM images for PANI on CC with already deposited graphene tested 

after 3000 cycles in the electrolyte without (f) and with 15 mol. % Fe3+ ion content (g) (Reprinted 

from [68], Copyright 2020, with permission of Elsevier). 

The electrodes were stable during the measurements in 1 M H2SO4 electrolyte and 

along with the rise of the current density from 5 mA/cm2 to 30 mA/cm2, the areal capaci-

tances decreased from 3.78 to 3.01, from 4.52 to 3.87 and from 3.96 F/cm2 to 3.19 F/cm2, for 

PANI-G-ACC, PANI-G-GCC and PANI-GCC+G, respectively. The capacitance retention 

was 79.6%, 85.7% and 80.5%, respectively. Thus, the spatial distribution of graphene 
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sheets relating to the arrays corresponding to PANI-G-GCC structure (shown in Figure 

10b) was reported to be slightly superior compared to the other two. Moreover, symmetric 

SCs prepared with electrolyte H2SO4/PVA (Figure 10d) have shown a more deformed 

GCD curve in comparison to the almost triangular GCD of SCs with Fe3+/H2SO4/PVA elec-

trolyte (Figure 10e). Resulted areal capacitances varied approximately twofold: from 0.78 

F/cm2 in H2SO4/PVA to 1.79 F/cm2 in Fe3+/H2SO4/PVA electrolyte for PANI-G-ACC, from 

1.13 F/cm2 in H2SO4/PVA to 2.26 F/cm2 in Fe3+/H2SO4/PVA electrolyte for PANI-G-GCC, 

and from 0.95 F/cm2 in H2SO4/PVA to 2.05 F/cm2 in Fe3+/H2SO4/PVA electrolyte for PANI-

GCC+G reported at 5 mA/cm2. At the same time, the cycling stability of all SCs was found 

to be similar in both electrolytes, for example, 92.3% and 92.7% for PANI-G-GCC in 

H2SO4/PVA and Fe3+/H2SO4/PVA, respectively [67]. This difference is explained by the in-

fluence of Fe3+ on the morphology of the studied materials, as shown in Figure 10f,g [68]. 

2.4. Energy Storage in PANI/rGO Supercapacitors 

The electrochemical performance of symmetric supercapacitors obtained by assem-

bling two equal PANI/rGO electrodes was further investigated in some of the works men-

tioned above. Although the goal of SC research is to achieve high energy density (in 

Wh/cm3) at high power density (in W/cm3), these values are rarely presented in the avail-

able publications. Often, they are substituted by SC specific energy (E in Wh/kg) and 

power (P in W/kg), which are calculated using the following expressions: 

� =
�

�×�.�
������Δ�� or � =

�

�×�.�
������� ��.Δ��, (1)

� =
�

∆�
, (2)

where Ctotal and Csingle el. are the measured capacitance of the full SC and the single electrode, 

respectively, ∆V is the operating voltage window and Δt is the discharge time in hours. 

Thus, although the values of capacitance are very important for the SC performance, the 

electrolyte voltage window also plays a major role for the enhancement of specific energy 

as well as specific power. In summary, Tables 1–3 include E and p values as the main 

characteristics for the reported symmetric capacitors made of PANI/rGO-based electrodes 

together with parameters such as the electrolyte type and its potential window. 

The electrolyte for the reported PANI-rGO-based SCs can be solid, such as H2SO4 or 

H3PO4, with PVA having similar potential windows up to 1 V. The specific capacitance of 

such a full device was reported to be as much as 973 F/g (at 2 A/g) for planar SC on 

PANI/rGO [55]. Since the specific power of supercapacitors is typically higher than that 

of batteries, the main interest is the value of the specific energy. As can be seen from Tables 

1–3, today, the highest value of the specific energy can reach 79.4 Wh/kg for SC with elec-

trodes of one ErGO/PANI bi-layer measured in H2SO4 from −0.2 to +0.6 V [60]. That is 

higher than the 62.2 Wh/kg reported for PANI/rGO [69] mentioned as the highest value 

among SCs with PANI/rGO electrodes prepared by the chemical oxidative method [30]. 

At the same time, SCs with PANI/rGO electrodes prepared by EP on rGO paper [44], on 

GH pressed onto carbon cloth [57], on GPT [53] or on G obtained with wavy-shaped Ni as 

the template [51] presented specific energy <25 Wh/kg, as shown in Figure 11. Thus, cur-

rently the performance of a structure consisting of a single PANI/rGO bi-layer with rGO 

on top looks more promising than that of structures with PANI on top or mixed structures, 

although for a reliable conclusion, all these structures should be studied under the same 

conditions. Regarding the main mechanisms behind that, the two-dimensional planar 

structure of graphene sheets was stated to be beneficial to homogeneous nucleation of a 

large amount of polymer, giving rise to a higher areal density of electroactive sites and 

chemically bridged interfaces for redox reactions, while the planar contact area between 

rGO and PANI supports constructing a conductive network with a higher electron trans-

fer rate and lower resistance [60]. 
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Figure 11. Available values of the specific energy and specific power of supercapacitors prepared 

using PANI/rGO electrodes from the publications of Xie et al. [51], Huang et al. [53], Gao et al. [56], 

Liu et al. [57] and Gupta et al. [60]. 

3. Processing Conditions during Electropolymerization of PANI 

3.1. Time of Electropolymerization Process 

PANI can be electropolymerized for different time intervals (from a few seconds to 

several hours) and that results in different morphology. As shown in Figure 12a–d, a 

PANI layer deposited on graphene paper at a potential of 0.8 V from 2 min to 15 min has 

a different surface as well as PANI content in the composite (Figure 12e) [45]. The maxi-

mum specific capacitance of 508 F/g was obtained for a PANI/rGO electrode deposited for 

10 min, corresponding to 22.3 wt% PANI (Figure 12e). Moreover, Figure 12f shows that 

the galvanostatic charge–discharge curve (GCD) of pristine graphene paper has an ideal 

triangular form [45] that is typical for EDLC [14]. At the same time, the GCD of pristine 

PANI, being far from an ideal triangular shape and showing some “plateau” similar to 

that of battery-type materials, presented obvious pseudocapacitance behaviour. The 

strong impact of pseudocapacitance can also be found in the GCD of the layered 

PANI/rGO electrode presented in Figure 12g [45]. 
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Figure 12. Microstructures of the surface of the graphene/PANI composite papers with EP times of: 

2 min (a), 5 min (b), 10 min (c) and 15 min (d). Changes of weight content of PANI in the graphene–

PANI papers and the corresponding specific capacitances with EP time (e). Galvanostatic charge–

discharge curves of graphene paper, PANI film on the Pt electrode and graphene–PANI paper at a 

current density of 1 A/g (f) and GCD curves of graphene–PANI paper at different current densities 

(g) (Reprinted from [45] with permission of RSC Publishing). 

In the case of more porous rGO hydrogel (GH) film, just 100 s (less than 2 min) at a 

potential of +0.75 V were enough to create a GH/PANI electrode from HCl with ANI elec-

trolyte with the highest specific capacitance of 853 F/g [57]. It is obvious from Figure 13a–

d that higher polymerization time results in higher PANI content (thicker PANI fibre). 

Moreover, as can be seen in Figure 13e, the specific capacitance that corresponds to the 

area of the cyclic voltammogram decreased after increasing, when the deposition time 

was more than 100 s. Moreover, although redox peaks are strong in CV curves, the pa-

rameter b ~0.9 was calculated by Liu et al. as a slope of logarithm of CV peak current 

density versus scan rate [57]. That proximity to 1 corresponds to dominant capacitive be-

haviour of the mixed PANI-rGO electrode, whereas battery-type materials are character-

ized by b = 0.5 [14]. Moreover, the obvious triangular GCD reported by Liu et al. in Figure 

13f also supports the capacitive type of these mixed PANI-rGO structures that slightly 

differs from the GCD observed in the layered PANI/rGO structures mentioned above 

[45,49,53]. 
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Figure 13. Microstructures of pristine rGO (a) and after PANI electropolymerization onto/into rGO 

hydrogel for 30 s (rGO/PANI-30) (b), 100 s (rGO/PANI-100) (c) and 200 s (rGO/PANI-200) (d) sam-

ples deposited. CV curves at a scan rate of 5 mV/s for the rGO and various rGO/PANI electrodes 

after different times of electropolymerization (30, 60, 100, 150, 200 and 250 s) (e). GCD curves at 

different current densities for rGO/PANI-100 electrode (f) (Reprinted from [57], Copyright 2021, 

with permission of Elsevier). 

The porous graphene foams (or graphene frameworks) (GF) were also mentioned 

above, to be used as supports for EP of PANI to obtain a layered graphene–PANI network 

(GPN) structure. Yu et al. found that the mass and length of PANI nanocones deposited 

at an anodic current density of 0.1 A/g on porous GF (Figure 14a,b) increase with an in-

crease in deposition time (2500, 5000, 7500 and 10,000 s correspond to GPN1, GP2, GP3 

and GP4, respectively), as shown in Figure 14c [50]. This is inversely proportional to the 

measured specific capacitance, reaching 472 F/g at 1 A/g for the longest deposition of 

10,000 s (~2.8 h) and 751 F/g at 1 A/g for the shortest EP time of 2500 s (~42 min), as shown 

in Figure 14d [50]. 

 

Figure 14. Microstructure of vertically aligned PANI nanocone arrays on the surface of 3D graphene 

(a,b). Mass loading of PANI and length of nanocones vs. electrodeposition time (c). Specific capaci-

tance and high-rate capacitance percentage (HRCP) of GPN1-4 (d) (Reprinted from [50], Copyright 

2015, with permission of Elsevier). 



Batteries 2022, 8, 191 18 of 25 
 

At the same time, much higher specific capacitance of 968 F/g (normalized by the 

mass of the full GF/PANI composite) was reported by Pedros et al. for the GF-PANI elec-

trode electrodeposited at 0.8 V and stirring for 9 min [64]. Moreover, Pedros et al. found 

that the polymerization of GF/PANI at the same potential of 0.8 V but without stirring or 

at a pulsed potential of 0.8 V with stirring for 9 min leads to lower values of specific ca-

pacitance [64]. 

PANI-rGO electrodes with mixed structure were prepared by Gao et al. with prelim-

inary immersion of graphene hydrogel (GH) into the electrolyte for several hours before 

polymerization (Figure 15a) and with EP at a potential of 0.8 V for 10–60 s only [56]. The 

obtained graphene with PANI (GP) electrodes presented the highest specific capacitance 

of 710 F/g at 2 A/g for EP time of 20 s and PANI content of 29 wt%, while longer time did 

not increase the specific capacitance (Figure 15b). Although 60 s of polymerization process 

resulted in the deposition of 50 wt% PANI, the formation of PANI on GH was reported to 

result in a monotonic decrease of specific surface area (SSA) from 305 m2/g for pristine GH 

to 105 m2/g for 60 s EP PANI/GH [56]. 

 

Figure 15. Schematic illustrating the fabrication process toward GH/PANI (GP) composite and 3D 

ion and electron transport pathway in porous GH/PANI electrode (a). Plots of specific capacitance 

versus discharging current density for GH/PANI composites prepared for different times of PANI 

electropolymerization (10, 20, 40 and 60 s, respectively) compared with GH electrode (b) (Reprinted 

from [56] with permission of RSC Publishing). 

Zang et al. used EP time from 2 min to 15 min to obtain hybrid films consisting of 

graphene woven fabric (GWF) and PANI (Figure 16a) [52]. The morphology was found to 

be different before and after EP according to scanning electron microscopy images pre-

sented in Figure 16b,c, respectively. As shown in Figure 16d, the coverage of PANI ex-

panded with the time increase. The PANI form was found to change from strip-like to 

needle-like when the EP time reached 30 min. The optimal EP time to obtain a granular 

aggregated structure of PANI was 15 min, which can be supported by the highest areal 

capacitance of 23 mF/cm2 calculated based on GCD (presented in Figure 16e) for a sym-

metric SC [52]. 
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Figure 16. Illustration of the preparation and fabrication process for the GWF with PANI superca-

pacitor (a). Microstructures of GWF (b) and GWF +PANI films (c). Schematic illustrations and mi-

crostructures of the GWFs coated with PANI at different electropolymerization times (2, 5, 15 and 

30 min, respectively) (d). Galvanostatic charge/discharge curves of GWF+PANI (Current density: 

0.1 mA/cm2) (e) (Reprinted from [52] with permission of RSC Publishing). 

3.2. Cycling Number and Current Density 

Wu et al. reported that the PANI content was dependent on the cycling number [49]. 

In that work, GH was preliminary pressed into disk form and electrochemical deposition 

of PANI started immediately after the disk was immersed into the electrolyte to avoid the 

diffusion of the monomer aniline into the GH disk (Figure 17a). A porous PANI fibre layer 

(Figure 17b) was observed on pressed graphene multilayers (Figure 17c). PANI content 

increased with the cycling number, with 60 wt% PANI found to be the optimal concentra-

tion for such PANI-capsulated GH electrodes (Figure 17d) [49]. 

Direct electrochemical growth of polyaniline nanowire arrays (PANI NWAs) on sur-

faces of graphene sheets in partially exfoliated graphite foil (Ex-GF) was achieved by Ye 

at al. at different current densities (from 0.2 mA/cm2 to 1 mA/cm2), for different time in-

tervals (from 45 min to 6 h) and with different aniline concentrations (from 50 mM to 500 

mM) [46]. The highest specific capacitance of 840 F/g, among the electrodes prepared at 

the same current density of 0.5 mA/cm2, for the same time of 1.5 h, was obtained for the 

composite made from the electrolyte with HCl and the lowest ANI concentration of 50 

mM. On the other hand, when the concentration of ANI and current density were fixed at 

100 mM and 0.5 mA/cm2, respectively, a longer deposition time resulted with a decrease 

of the specific capacitance from 738 F/g for 1.5 h to 645 F/g for 3 h deposition [46]. 
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Figure 17. Schematic image illustrating pressed GH/PANI electrode (a). Microstructures of the 

PANI cap layer (b) and GH matrix (c). Specific capacitance as a function of PANI content (d) (Re-

printed from [49] with permission of Wiley). 

3.3. Charge Loading/Charge Density Effect 

The effect of the charge loading on the specific capacitance of mixed PANI/rGO film 

prepared by the pulse galvanostatic current process on ITO substrate was analysed by Hu 

et al. [65]. The specific capacitance decreased with the charge loading increase, from 725 

F/g at low 0.5 C to 317 F/g at high 4 C. Hu et al. mentioned that thinner PANI/rGO film 

obtained at 0.5 C has highly porous microstructure in opposition to thicker film that hin-

ders the electrochemical accessibility between the film and the electrolyte [65]. 

Jin et al. studied vertically aligned polyaniline nanocones prepared at different EP 

charge densities on nitrogen-doped porous graphene (NPG) film. When the polymeriza-

tion charge density increases from 1 C/cm2 to 3 C/cm2, the specific capacitance decreases 

from ~440 F/g to 294 F/g at 1 A/cm2, although the specific (gravimetric) capacitance and 

areal capacitance show the reverse variation trends (Figure 18) [47]. 

 

Figure 18. Electrochemical performance of NPG@PANI films with various polymerization charge 

densities measured by a three-electrode method in 1 M Et4NBF4-AN electrolyte: areal specific ca-

pacitances as a function of various current densities (a) and gravimetric specific capacitances as a 

function of various current densities (b) (Reprinted from [47], Copyright 2019, with permission of 

Elsevier). 

4. Conclusions and Perspective 

In this review, we presented research progress on the preparation of PANI by the 

electropolymerization process to obtain PANI/graphene or reduced graphene electrodes 

for electrochemical energy storage. Although pristine PANI is environmentally friendly 
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and has high electric conductivity and high flexibility, it has also poor cycling stability. 

Thus, studies of the synergetic effect between PANI and graphene are currently of great 

interest. At the same time, deep investigations of the in situ electropolymerized graphene–

PANI electrodes without extra additives (which are typically observed for commercial 

electrodes made from powder materials) are crucial. However, a number of the available 

analyses of PANI/rGO electrodes prepared by electropolymerization are very limited de-

spite the visible improvements of the electrochemical properties of both graphene (signif-

icant increase of the specific capacitance) and PANI (high cycling stability). Moreover, 

different types of electrodes can be obtained by electropolymerization by simply varying 

the components of the electrolyte: (i) only aniline monomer and acid resulted in layered 

PANI/rGO electrode; (ii) rGO added to the electrolyte, together with aniline monomer 

and acid or porous structure of the carbonaceous substrate, resulted in a mixed PANI-

rGO electrode. Nanocomposite electrode encapsulation by rGO has also been shown to 

be an advantage for electrode performance. However, it must be stressed that important 

information including PANI content or mass loading, as well as cycling stability of the 

final electrode, is sometimes missing in the available literature. 

Thus, future research should focus on the development of the properties of 

PANI/rGO nanostructures as electrodes for supercapacitors with enhanced performance. 

In addition, preparation of PANI/rGO (as well as functionalized PANI/functionalized gra-

phene) by the electropolymerization method for application in rechargeable batteries 

needs to be deeply explored, especially in flexible and wearable batteries due to the high 

flexibility of the PANI/rGO composite. Moreover, although several relationships between 

the time, cycling number, current density, charge loading/density effect during the EP 

process of PANI and the composite electrochemical properties have been reported, more 

complex and deeper studies on the preparation of layered PANI/rGO as well as PANI-

rGO as promising electrode materials for energy storage devices are necessary in the fu-

ture. 
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Glossary 

2-el. syst. two-electrode system 

ANI Aniline 

BMIMBF4 1. -Butyl-3-methylimidazolium tetrafluoroborate 

CC carbon cloth 

CNT carbon nanotubes 

CSA camphorsulphonic acid 

CVD chemical vapour deposition 
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DMF dimethylformamide 

ErGO electrochemically reduced GO 

Et4NBF4 tetraethylammonium tetrafluoroborate 

Ex-GF partially exfoliated graphite foil 

G Graphene 

GH graphene hydrogel 

GO graphene oxide 

GP graphene paper 

GWF graphene woven fabric 

G/PT graphene-coated polyester textile 

HbG hydrogen-bonded graphene 

HT hydrothermal method 

IL ionic liquid 

ITO indium tin oxide 

NF nickel foam 

PAH poly(allylamine hydrochloride) 

PANI-NFS polyaniline-nanofiber sponge 

PDMS polydimethylsiloxane 

rGO reduced graphene oxide 

SDS sodium dodecyl sulphate 

TEM transmission electron microscopy 

VF vacuum filtration 
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