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Abstract  

We have synthesized a ternary composite electrode comprising graphene oxide (GO), cellulose 

hydrogel and polyaniline (PANi). The composite deposited on a platinum electrode was 

electrochemically characterized. It was investigated using cyclic voltammetry (CV), 

galvanostatic charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS). The 

ternary composite electrode showed significantly enhanced cycling stability and improved areal 

capacitance of 500-600 Fg−1 indicating a synergistic effect of cellulose hydrogel on PANi-GO. 

We believe the results of this study provide a strong experimental basis for the functioning of 

supercapacitors. 
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Highlights 

•A cellulose hydrogel/GO/PANi composite was synthesized using the  
  polymerization method. 
• Cellulose hydrogel is crucial for the functioning of the composite. 
• Cellulose hydrogel composite exhibits superior performances. 
 

Keywords: Polyaniline, graphene oxide, cellulose hydrogel, supercapacitor 

 

1. Introduction 

Supercapacitors (SCs) are storage devices that store electrochemical energy. The stored energy 

is used via reversible adsorption and desorption of particles at the connection points between 

electrode materials and electrolytes.1-3 The functioning of SCs completely depends on the type 

of electrode materials rather than electrolytes. Presently, two kinds of electrode materials are 

used in SCs, namely carbon-based materials with an electric twofold layer feature and materials 

with a pseudocapacitive component that executes electron movement and charge storage via 

redox reactions.4 Polyaniline (PANi), a type of superior pseudo capacitance resource, is used 

with advantages of cost-effectiveness, facile synthesis, and high conductivity.5 PANi endures 

high specifc capacitance, high specifc controlled by the doping stages.6-9 Though, the structures 

and properties of PANi have to deal with the synthesis conditions because of the complexities 

in molecular structure. Additionally, features including its humidity, temperature, pH, 

electrochemical redox state, and the sort of anions in the solution infuence its conductivity.10-14 

However, one of the major disadvantages associated with the use of PANi is poor cycling 

performance. Thus, to enhance the efficiency of SCs, carbon-based materials with PANi 

composites are now being used. Synergistic and complementary properties of the composites 

based on PANi and graphene oxide (GO) with concern to their potential applications in 

sensors,15-19 supercapacitors,7,19,20 alcohol dehydration 21-22 and adsorbents,23–30 have attracted 

considerable attention. 
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Recently, an increasing number of studies have been conducted for the controlled synthesis of 

graphene/PANi composites.31 The graphene/PANi composite can overcome the poor cycling 

performance of PANi; in addition, it provides a synergistic electric effect of a twofold layer and 

pseudocapacitance.32 PANi-coated graphene fibers exhibit the highest specific capacitance (480 

Fg−1 at 0.1 Ag−1), whereas the reduced graphene oxide rGO-PANi electrode displays a 

capacitance of only 286 Fg−1 after 2000 cycles.33 The need of low costand biodegradable 

materials in hardware has been fundamentally expanded with the increase in warming and 

energy emergency. Currently, studies are being conducted to develop highly flexible, free-

standing, and binder-free electrodes using cost-effective and renewable polymeric materials.34 

A cellulose biopolymer with its remarkable supramolecular structure and fabric properties can 

be used for conducting polymers. PANi was synthesized via a polymerization reaction using 

dispersed cellulose to form the PANi–cellulose composite that was applied as a conducting 

paper sheet.35,36 The scope for further derivatization, rigid oriented molecular structure, inherent 

strength, stability, and film-forming properties provide a complementary characteristic to 

cellulose in the conductive polymers as PANi.37 Native cellulose has a high resistivity and can 

provide superior energy and mechanical homogenization of raw materials.38 This procedure 

modifies the surface presentation such that fibrils are enclosed in the matrix, resulting in a large 

contact area among the microfibrils, thus increasing the resistance. Cellulose hydrogel has been 

increasingly used to fabricate smart devices because of their overall biocompatibility, high 

storage capacity for cells and small molecules, and low interfacial tension at the gel–aqueous 

solution interface.39 The properties of cellulose hydrogels need to be adjusted to synthesize 

flexible, elite execution practical materials.40 Unfortunately, films synthesized from PANi and 

microcrystalline cellulose are dissolvable in N,N-dimethylacetamide (DMAc)/lithium chloride 

(LiCl) (9%) solutions; these display no conductive behavior after cellulose regeneration and 

drying.41 In contrast, a ternary composite electrode consisting of microcrystalline cellulose 
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treated with 9 to 15% carboxymethyl cellulose and PANi exhibited high conductivity when the 

percentage of PANi in the binary composite was reduced from 50 to 33%.42 However, films 

with 17 and 9% PANi showed no conductance. As a framework of modified electrodes, the 

cellulose/graphene oxide (GO) composite is incorporated into PANi nanoclusters via the 

polymerization. The ratio of GO and PANi is adjusted so that the ternary cellulose/GO/PANi 

membrane displays specified three-dimensional porous structures and high conductivity (1.15 

S/cm) because of its good specific capacitance of 1218 mF/cm2.43 In the present study, we 

studied the effect of incorporating cellulose hydrogel into the GO/PANi matrix to achieve a 

more prominent conductive composite with a high explicit surface. The novelty of the current 

research is the facile method used to add GO and cellulose hydrogel during the synthesis of 

PANi to enhance its conductivity for high-performing SCs. The findings of the study obtained 

for the tertiary composite are interessant for the functioning of SCs. In addition, the charge–

discharge obtained from the prepared composite is considered a component of the SC 

framework. 

2 EXPERIMENTS 

2.1 Materials  

All chemicals used were of analytical grade. Aniline (99.9%, monomer), ammonium persulfate 

([NH4]2S2O8, 98%), graphite powder, microcrystalline cellulose, KMnO4, ethanol, deionized 

water, NaNO3, H2O2, (NH4)2S2O8, potassium permanganate (99%, RFCL), H2O2 (40% wt., 

EMPLURA), H2SO4, (98%, ACS), HCl (35%, RANKEM). 

2.2 Synthesis of graphene oxide 

Graphene oxide (GO) was synthesized from graphite powder using Hummer’s method after 

modification.1 Briefly, graphite powder (2 g) and NaNO3 (2 g) were added to H2SO4 (90 mL) 

in an ice bath. Next, KMnO4 (12 g) was gradually added with stirring at 40 °C for 30 min. 

Deionized water (90 mL) was subsequently added slowly to the mixture, followed by the 
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addition of 30% H2O2 (10 mL). The product was extracted by centrifugation and washed 

repeatedly with 5% HCl solution until the pH became neutral.  

2.3 Synthesis of graphene oxide/cellulose hydrogel 

First, a solvent exchange activation pretreatment was performed to diminish the hydrogen 

bonds among the cellulose chains to achieve a relaxed conformation. The pretreatment was 

performed as follows: cellulose was suspended in water for 1 h; the water was removed and 

replaced by methanol, and then by dimethylacetamide (DMAc), with a change of each solvent 

after 1 h. Finally, the cellulose was filtered and dried at 70 °C. A typical preparation procedure 

for 1 wt. % cellulose solution was as follows: activated cellulose (1 g) was added to the 

LiCl/DMAc solvent and stirred to form a uniform suspension GO/cellulose (1/10, unless 

otherwise stated) by ultrasonication for 1 h.44 

2.4 Synthesis of cellulose hydrogel/GO/PANi composite by polymerisation 

The cellulose hydrogel/GO/PANi composite was prepared via in situ chemical polymerization 

of aniline (ANi) on the cellulose/GO sheet, in which, 100 mL of ANi (4.16 mM) and HCl (1.0 

M) were continuously stirred in an ice bath for 4 h. Afterward, [NH4]2S2O8 was added. The 

obtained composite was washed with ethanol and deionized water. 

2.5 Electrochemical characterizationsof the composite   

The composites were electrochemically studied using a three-electrode setup. The composite 

coated platinum, a Pt grid (S = 2 cm2) and an Ag/AgCl electrode were used as the working, 

counter, and reference electrodes, respectively. The three electrodes immersed in H2SO4 (1 M) 

were studied using cyclic voltammetry (CV), galvanostatic charge/discharge curves (GCDs), 

and electrochemical impedance spectroscopy (EIS) (Solartron Analytical). 
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2.6. Characterization  

Reference PANi, PANi/GO  and composite electrodes were investigated using several 

techniques. The FTIR spectra were measured using Bruker Optics (FT-IR IFS 66S Vacuum, 

Germany) spectrophotometer (500–4000 cm−1) by diluting the filler powder (1 wt.%) in 

potassium bromide (KBr) pellet. The X-ray diffractograms were recorded using the automated 

Bruker D8 advance X-ray diffractometer with CuK radiations (40 kV and 30 mA) at 2θ values 

over 5 to 50°. Samples were used in the form of compressed tablets. The scanning electron 

microscopy (SEM) micrographs were obtained from a field emission gun scanning electron 

microscope (FEG-SEM), Ultra55 Zeiss, operating at 5 kV. 

RESULTS AND DISCUSSION  

3.1 FTIR 

Figure 1 shows the FTIR spectra of PANi, GO/PANi, and cellulose hydrogel/GO/PANi. The 

principal characteristic band locations of PANi and their composites were almost same, with a 

single broad weak band at 3200 cm−1 that corresponded to the N–H stretching vibration, 

whereas the stretching vibration of the aromatic C-H bond corresponded to 2995 cm−1 (Fig. 

1).45 
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FIGURE 1      FTIR spectra of (a) PANi, (b) GO/PANi, and (c) cellulose hydrogel/GO/PANi. 

 

The two bands at 1558 cm−1 and 1488 cm−1 corresponded to the stretching vibrations of the 

quinoid and benzenoid rings, respectively. The peak at 1400 cm−1 was attributed to the C–N 

stretching vibration between benzenoid and quinoid units.46  The band at 1299 cm−1 

corresponded to the π-electron delocalization through the C-N-C stretching vibration, whereas 

the characteristic band of C-N+ stretching vibration in the polaron structure was present at 1242 

cm−1.47 The broad band at 1124 cm−1 was assigned to the aromatic C-H bending in the plane 

for the 1,4-disubstituted aromatic ring.1 In the FTIR of GO/PANi, the prominent bands observed 

in pristine PANi were retained in the composite with weak intensity, whereas the characteristic 

bands of GO disappeared owing to the chemical interaction between graphene and the carboxyl 

group and the nitrogen of the polyaniline backbone.48The interaction of graphene with imine 

groups (C=N) in the quinonoid ring of polyaniline was confirmed by the broadness and shifting 

of the initial position of the band from 1558 to 1567 cm–1. In the FTIR of the ternary composite, 

the major bands observed in pristine PANi appeared with characteristic bands of cellulose 
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hydrogel at 3600 cm–1 corresponding to the hydroxyl group stretching vibration. It could be 

attributed to the graft crosslinking reaction of graphene, polyaniline, and cellulose hydrogel via 

hydrogen bonding.48 

3.1. X-Ray diffraction  

Along with FTIR spectroscopy, X-ray diffraction was used to provide a detailed understanding 

of the ordered structures of the GO/PANi and cellulose hydrogel/GO/PANi. The XRD patterns 

of GO, cellulose hydrogel, and the ternary composite are illustrated in Fig. 2. In the absence or 

weak interaction between PANi and GO or cellulose hydrogel in the composite, each 

component showed its crystallinity peaks in the composite. No diffraction peak of GO was 

observed in GO/PANi and cellulose hydrogel/GO/PANi composites, suggesting that GO was 

dispersed and absorbed well in the PANi structure.  

However, the principal peak of GO/PANi at 2θ = 25.36° was slightly sharper than that of PANi, 

which was attributed to the reconstruction of the PANi sheet, owing to the regular stacking of 

GO (Fig. 2).  
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FIGURE 2  XRD of a. PANi, b. GO/PANi, c. cellulose hydrogel/GO/PANi, and d. cellulose 

hydrogel. 
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The XRD pattern of cellulose hydrogel presented two broad peaks at 2θ = 13.6° and 24.7° 

reveals the formation of cellulose I in the cellulose hydrogel.48 In addition, the broadness 

demonstrates the destruction of the cellulose crystalline structure by forming cellulose 

hydrogel, implying the breaking of hydrogen bonds during the dissolution process and 

regeneration of cellulose structure after the removal of the solvent. The incorporation of PANi 

into the cellulose hydrogel/GO/PANi composite was confirmed by a slight sharp in the principal 

peak with a minor shift in the peak to the lowest angles, indicating an increase in the crystallinity 

in the ternary composite (Fig. 2).  

The cellulose peaks were less visible in the composite, which was presumably attributed to the 

low content of cellulose in the film and the crystallite size of regenerated cellulose, thereby 

broadening the diffraction peak. 

3.3 Scanning electron microscopy 

The SEM micrographs of GO/PANi exhibits the formation of a spongy irregular agglomerated 

structure (Fig. 3a).49 The SEM study of the cellulose hydrogel/GO/PANi showed the presence 

of cellulose hydrogel particles enclosed by GO/PANi chain agglomerates (Fig. 3b). The 

microstructure of the ternary composite displays the existence of modified aggregate porous 

regions that may facilitate an electrical sensing response. 
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b 

FIGURE 3 SEM micrographs of  a. GO/PANi and b. cellulose hydrogel/GO//PANi. 

 

3.4 Electrochemical characterization 

3.4.1. Cyclic voltammetry 

Cyclic voltammetry was performed using a three-electrode cell (Ag/AgCl reference electrode, 

a platinum auxiliary electrode, and a coated platinum electrode). The CV curves were obtained 

using 1M H2SO4 as electrolyte, which was used for measuring the gravimetric and real 

capacitance of the electrodes. The comparison of the voltammograms of GO/PANi and 

cellulose hydrogel/GO/PANi shows clearly that the presence of cellulose hydrogel in the 

composite allows to obtain higher current intensity (Fig. 4 curves b and c).  
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 FIGURE 4   Cyclic voltammograms of  a. PANi , b. PANi-GO, c. cellulose hydrogel/GO/PANi    

                        in 1 M H2SO4, at 50 mV/s. 

 

These results confirmed the importance of cellulose hydrogel. It favors water absorption and 

water retention because of its porous structure; in addition, it behaves as an electrolyte reservoir 

50 that allows fast proton movement for cellulose hydrogel/GO/PANi at the current intensity 

and surface air in voltammograms, confirming good rate capability of the ternary composite 

electrode and revealing their typical capacitive behaviors.50,51 The comparative evaluation of 

different cellulose hydrogel ratios present in the composite is shown in Fig. 5.  
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FIGURE 5     Cyclic voltammograms at 50 mV/s of cellulose hydrogel/GO/PANi for different     

                        percentages of cellulose hydrogel. a.  1/10, b. 1/5, c. 1/1, d. 1/2, in 1 M H2SO4. 

 

The best ratios that provided a high intensity were 1/1 and 1/2 ratios. The fine electrochemical 

performance of the cellulose hydrogel could be ascribed to its interfacial property and 

electrolyte diffusion  rate. The difference in the anode and cathodic strengths in terms of 

scanning speed confirmed the electrolyte diffusion of cellulose hydrogel (Fig. 6).  
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FIGURE 6  Cyclic voltammetry responses at different scan rates, in 1 M H2SO4 solution.  

 

The cyclic curve of the ternary composite at various scan rates (ranging from 10 to 100 mVs-

1) enabled the movement of anodic peaks to higher potentials, and cathodic peaks move to lower 

potentials, owing to a slight increase in the resistance of the electrode at great sweep rates.50 

Figure 6 shows the cyclic curves of the composite at a scan rate varying from 10 to 100 mVs–

1. All cyclic curves describe a non perfect rectangular shape, indicating a diffusion limited 

reversible capacitive performance of the system. In addition, the shape of the cyclic curve was 

well maintained even at a higher scan rate of 100 mVs–1 (Fig. 6), showing its good 

performance.50 At 100 mVs-1 the cathodic peak current is about 120 mA. This allows us to 

estimated a specific capacitance of 600 Fg-1. 

3.4.2. Galvanostatic charge–discharge 

Charge–discharge is one of the essential techniques to determine the performance of an SC. The 

GCD plots of cellulose hydrogel/GO/PANi at several constant load currents in the potential 

ranged from 0.0 to 0.8 V and are shown in Fig. 7.  
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    FIGURE 7   (A) GCD of PANi (a), GO/PANi (b), and cellulose hydrogel/GO/PANi (c) at 
4 mA. (B) GCD of cellulose hydrogel/GO/PANi at different currents. 

 

The curve charge reflects the pseudocapacitive quality of the modified electrode and significant 

performance. Symmetrical GCD curves confirmed the excellent supercapacitor material at low 

voltage owing to the high coulomb efficiency. As shown in Fig. 7, the GCD of the ternary 

composite decreased with the increase in the charge–discharge current density. The discharge 

capacitance of the ternary composite took more time than PANi or GO/PANi, suggesting that 

the ternary composite had good rate capability, owing to the presence of cellulose hydrogel, the 

mass of the active material was about 2 mg that was significant for the electrode material of an 

SC to deliver a high power density. 

In contrast, the specific capacitance (C) of the ternary composite was calculated from GCD 

curves using equation (1): 

C	 ൌ
୍	∆୲

୫	∆୴
                                                 (1) 

where I is the discharge current, Δt is the discharge time, m is the mass of active material, and 

Δv is the potential difference for discharging. The specific capacitance of the cellulose 



15 
 

hydrogel/GO/PANi composite was around 620 Fg-1 at a current density of 2 mAcm-2. The 

current density increases as the specific capacitance decreases due to the diminished mobility 

of protons compared to that of electrons. A study of the stability of the electrode showed that 

the capacitance maintained the performance of up to 85% after 700 charge/discharge cycles 

(Fig. 8). 
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FIGURE 8    Variation of the capacitance of  cellulose hydrogel/GO/PANi with the number 

of cycle. 

It can be attributed to the incorporated cellulose hydrogel that hinders the reduction in the 

volume and extension of the PANi/GO matrix through the charge and discharge process. 

The cellulose hydrogel/GO/PANi showed enhanced supercapacitor properties with the highest 

specific capacitance of 600 F.g–1 at 4 mA and 85% capacity retention after 700 cycles in 1 M 

H2SO4 aqueous electrolyte. Our electrochemical results are in a good position compared with 

previous studies reported recently (Table 1). In different studies hydrogels of cellulose or  
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bacterial cellulose with capacities about 1035 and 4160 mF/cm², the capacitance is very low 

compared to our work. In another work authors used aerogel polyaniline and cellulose 

hydrogels43 to have more capacitance and performance.  Other author used hydrogel polymer 

(polyvinyl alcohol)53 or oxide 1, 52 were the capaciatnace is more than 700 F/g. 

Table 1 : Comparison of the electrochemical performance for Electrode based polyaniline  

Electrode  Specific capacitance at current 
density or scan rate  

References 

Polyaniline@graphene@bacterial cellulose     4.16 F.cm–2 at 1.0 mA/cm2    50 
polyaniline@cellulose hydrogels 1003.50 mF/cm-2 at 1.0 mA/cm2    51 
Polypyrrole@cellulose hydrogels 255 F.g-1 at  0.25 A.g-1 44 
Polyaniline@GO@Hydrogel cellulose 600 F.g-1at 2  mA/cm2    This Work 

 

3.4.3. Electrochemical impedance spectroscopy (EIS) 

In order to get an estimate of the electrical capacitance of the PANi, PANi/GO and cellulose 

hydrogel/GO/PANi composite films, electrochemical impedance spectroscopy measurements 

were performed at room temperature, at the rest potential, in 1 M H2SO4 solution. The obtained 

impedance spectra are depicted in Fig.9A, as Nyquist plots in the (Z’, Z”) complex plane. They 

are characterized by a quasi semi-circular capacitive loop at frequencies above a few Hertz and 

a more or less linear vertical branch at lower frequencies. For every films, the capacitive loop 

can be attributed to the bulk dielectric and conductive properties of the polymeric matrix. This 

was represented by the parallel combination of a resistance and a constant phase element (CPE), 

Q = Q0(j)n, accounting for a non ideal capacitance due to roughness or/and porosity effects,  

being the pulsation. The low frequency part of the three spectra is governed by the diffusion of 

charged species at the film/solution interface, but with a significant difference between them. 

For the PANi film, a 45° slope is evidenced, characteristic of a bulk, plane, infinite diffusion 

process, formally represented by a Warburg impedance W() as W = Z0/(j)0.5. For the two 

other films, the low frequency branch is much more vertical which suggests that diffusion 
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occurs in a limited space with the boundary condition of a blocking interface. Such a behavior 

is classically represented by a diffusion impedance T() as T = Z0.coth[B(j)0.5]/(j)0.5. On the 

basis of the above considerations, the experimental EIS spectra were analyzed by means of 

electrical equivalent circuits given in Table 1, minimizing as possible the number of adjustable 

parameters. The fitting process was performed using the ZsimWinTM software. The fitted 

parameters are reported in Table 1 and the fit quality is illustrated in Fig. 9B,C,D. 
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FIGURE 9  Nyquist plots of (a, B) PANi, (b, C) GO/PANi, (c, D) cellulose hydrogel/GO/PANi 
coated Pt electrodes in 1 M H2SO4. (A) experimental data. (B,C,D) experimental data (black 
circle) and fitted data (red cross). Equivalent circuits used to fit the experimental data. 
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TABLE 1 Equivalent circuits and fitted values for the different samples. 

 

The dielectric properties of the polymeric matrix of composite PANi films are strongly affected 

with respect to the pristine PANi film. For both composite samples, the film resistance is 

decreased, reaching a factor of ten for the cellulose hydrogel/GO/PANi sample. The film 

capacitance, almost ideal for the pristine PANi, deviates notably from ideality for the composite 

PANi films, with a CPE exponent (n) of 0.78. As evidenced by the SEM micrographs, this 

behavior can be assigned to the strong porosity of the composite films. Another consequence 

of the increase in porosity is the decrease of the amplitude (Z0) of the diffusion impedance, 

counterbalanced by a marked increase in the diffusion time (given by B2) reaching about 40 s 

for PANi/GO and about 200 s for cellulose hydrogel/GO/PANi. The last but the most important 

parameter in view of the SC application is the interfacial capacitance C. For the pristine PANi 

film, C lies around 2 mF. It becomes 548 mF for PANi/GO and reaches 913 mF for cellulose 

hydrogel/GO/PANi leading to a specific capacitance around 500 Fg-1 in good agreement with 

the previous results. These results demonstrate the efficiency of the proposed strategy for 

obtaining very large capacitance values on the basis of a PANi film. 

 

4 CONCLUSIONS 

A cellulose hydrogel/GO/PANi composite was successfully synthesized for SCs and 

investigated. The composite was produced using a facile method by adding GO and PANi to 

Sample 
 

Equivalent 
circuit 

R 
 

R1 


Q 
-1sn 

n 
R2 


C 
mF 

Z0 
s-0.5 

B 
S0.5

PANi 
 

R(R1Q)(R2C)W 0.32 27 0.00443 0.945 14.7 2.05 19.2 - 

PANi/GO 
 

R(R1Q)CT 0.44 17 0.00122 0.776 - 548 4.16 6.4 

HC/GO/ 
PANi 

R(R1Q)CT 0.71 2.3 0.00067 0.78 - 913 1.19 13.9

   Bulk polymeric matrix Interface Bulk diffusion



19 
 

increase the conductivity and enhance the specific surface area of the prepared composite for 

the application of SCs. The presence of cellulose hydrogel improved the performance of SC, 

specific capacitance, and capacitance retention after 700 cycles. 
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