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Abstract 

Flaky particles of polyaniline (PANI)-graphene (GN) with rectangular size of 1.0-1.5 m are dispersed in 

aqueous solution so that their suspension is stable for one day without aggregation. The weight fraction of PANI 

in the particle is 75 %, which is independent of the loaded fraction of PANI in the synthesis. The PANI-GN film 

made of the suspension forms a self-standing, elastic, conductive film. The PANI-GN suspension exhibits both 

the reduction and the oxidation waves at potentials similar to those of PANI adsorbed on an electrode, whereas 

the PANI-GO suspension shows only the voltammetric reduction wave. The redox peak currents are controlled 

by diffusion of PANI-GN flakes. The PANI-GN film cast on the electrode shows voltammetric peaks for PANI, 

of which redox charge is larger than that of the electrochemically polymerized PANI film with the common 

weight of PANI. This fact can be explained in terms of the electrochemically exhaustive oxidation of PANI 

through the electric conduction of GN. 

Keywords: polyaniline-coated grapheme, self-standing film of polyaniline, voltammetry in dispersed particles, 

diffusion-controlled current of flaky particles 

1. Introduction 

Graphene (GN) is a promising material of super capacitors because its two-dimensional sp2-hybridized carbon 

sheet provides extremely large surface area in contact with solution (Segal, 2009; Feng et al., 2011). GN sheets 

have been generated through the processes by the oxidation of graphite in the form of suspensions (Staudenmaier, 

1898; Schniepp, et al., 2006; Stankovich, et al., 2006; Dreyer, et al., 2010; Pan & Aksay, 2011; Singh et al., 

2011), called the Hummers method (Hummers & Offeman, 1958), and then by the chemical reduction of the 

suspensions to GN. Once GN flakes are formed, they are aggregated gradually to the original graphite form 

(Yang et al., 2011; Yi et al., 2014). 

Suspensions of GN and/or graphite oxide (GO) flakes have been stabilized with organic solvents (Park et al., 

2009; Zhang & Zhao, 2012), organic salt (Zhang et al., 2014) and conducting polymers (Higashika et al., 1999; 

Xiao et al., 2000; Bourdo & Viswanathan, 2005; Lu et al., 2011; Luo et al., 2013) against agglomeration. The 

stabilized GN films have been used for enhancing photocurrents (Chatterjee et al., 2013), electrocatalytic activity 

(Yang et al., 2014), the charge density of supercapacitors (Wang et al., 2009; Yan et al., 2010; Chen et al., 2012; 

Sarker & Hong, 2012; Zhang & Zhao, 2012; Gao et al., 2013; Giri et al., 2013; Luo et al., 2013; Sawangphruk et 

al., 2013; Zhang et al., 2013; Gao et al., 2014; Heli & Yadegari, 2014; Xiong et al., 2014; Yu et al., 2014) and 

performance of dye-sensitized solar cells (Wang et al., 2012). Supercapacitors, made of conducting polymer and 

GN composite, which can provide huge charge density (Zhang et al., 2013), may be one of the most successful 

applications of GN. The high charge density results from both the double layer capacity and the redox reaction of 

conducting polymers, especially polyaniline (PANI). The roles of PANI of the PANI-GN composite are i) to keep 

electric connection of GN flakes with PANI so that all the flakes on the electrode are electrically percolated (Yan 

et al., 2010; Gao et al., 2013; Zhang et al., 2013), and ii) to utilize charge of the redox reactions of PANI (Luo et 

al., 2013; Xiong et al., 2014). Although the two roles are different in the mechanisms, it is difficult to evaluate 

each contribution quantitatively. Especially, the redox charge of the adsorbed PANI cannot be readily 

distinguished from the capacitive charge of PANI and that of GN. 
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If the observed charge of PANI-GN composites is a simple sum of the redox charge of PANI and the capacitive 

charge of GN and PANI in accord with the weight ratio of PANI and GN, the advantages of the composites 

would be so worthless as to be explored. Much attention to the PANI-GN composites suggests participation in 

synergetic effects of PANI and GN. In order to find the synergetic effects, it is necessary to find relationships 

between the weight ratio and the charge ratio, and between properties of the composites and those of individual 

species. We are concerned with finding these relations in this report by use of PANI-GN suspension, because 

suspensions can be prepared generally by controlling interactions among dispersed particles. 

2. Experimental 

Water was distilled and then ion-exchanged by an ultrapure water system, CPW-100 (Advantec, Tokyo). All the 

chemicals were of analytical grade. Graphite powder (98%, 7 m in average diameter) was purchased from Ito 

Koken (Mie, Japan), and was used as it was. 

Graphite oxide (GO) was generated basically according to the reported processes (Hummers & Offeman, 1958). 

The Crude product was centrifuged with a cooling centrifugal machine (Tomy, Tokyo) at the maximum 10600 g 

for 5 min. The supernatant by the centrifugation was dispersed in pure water, and then was centrifuged at 4 oC, 

7000 g to purify. This process was iterated three times. An aliquot of the refined GO suspension was dried and 

weighed to determine the weight concentration. A given amount of the GO suspension was added to a given 

amount of the solution of 0.15 M (= mol dm-3) aniline hydrochloride + 0.5 M sulfuric acid. The oxidant, 

ammonium peroxydisulfate, with 1.3 times amount of aniline was added to the mixture, and was kept for 1 day 

in an ice bath. The suspension was dispersed to 0.5 M sulfuric acid and was centrifuged. The sediment was dried 

under vacuum at 40oC for 6 h. 

In order to reduce the PANI-GO composite, 0.1 cm3 hydrazine monohydrate was added to 50 cm3 suspension 

including 0.1 g dried PANI-GO. The mixture was put in a bath at 95oC for 1 h. The product was dispersed in 0.5 

M sulfuric acid, and centrifuged. The dispersion-centrifugation process was iterated until the supernatant showed 

no absorbance band of PANI in the visible wave length domain. The iteration was normally three or four times. 

The sediment was dispersed in 1% of polyvinylpyrrolidone + 0.5 M sulfuric acid. The dispersion was 

centrifuged at 6000 g to be separated into three vague layers. The middle part was used for the samples of the 

reduced PANI-GN composite. 

Cyclic voltammetry was carried out with a potentiostat, Compactstat (Ivium Tech., Netherlands). The reference 

electrode was Ag|AgCl in saturated KCl. The counter electrode was a platinum wire. The working electrode was 

the platinum disk 1.6 mm in diameter. 

The size distribution of latex particles was determined by a dynamic light scattering (DLS) instrument (Malvern 

Zetasizer Nano-ZS, UK). Thermogravimetric analyses (TGA) was carried out with Thermo Plus, TG8120 

(Rigaku, Tokyo), on which the amount of the sample, ca. 5.0 mg, was mounted. Temperature was increased at 

10oC min-1 under nitrogen atmosphere. SEM photographs were taken with JSM-6701F (JEOL, Tokyo). 

3. Results and Discussion 

3.1 Compositions of Polyaniline-composites 

The PANI-GO-composite suspension, being green, had no sedimentation for 1 day, as the GO is well suspended. 

The PANI-GO suspension, which was reduced with hydrazine, got dark green and had also no sedimentation. 

Since GO may be reduced to GN, we call it PANI-GN. On the other hand, the reduced GO without PANI was 

agglomerated soon. Therefore PANI works as a surfactant of dispersing GO or GN. Fig. 1 shows photograph of 

the PANI-GN composite suspension (in the wet state) by an optical microscope. Some angulate particles are 

found, which may be GN flakes coated with PANI. Those in the suspension were oscillating by the Brownian 

motion, as shown in the movie of Supplement. The Brownian motion indicates the capability of transport of the 

particle by diffusion. We paid attention to a moving particle in a frame of the movie, and read the lengths of the 

particle along the x- and y-directions at each 0.1 s. The lengths are plotted against the time in Fig. 1 (insert). The 

time-variations indicate the Brownian motion of the flake particle, changing the orientation of the flake. The 

maximum and the minimum lengths may be close to the projected ones of the flake, depending on directions. 

The PANI-GO suspension had almost the same optical microscopic view as in Fig. 1.  

A given volume of the PANI-GN suspension was dried on a carbon tape. Fig. 2(A) shows a SEM image of the 

dried suspension. Rectangular flakes appear, in comparison with the PANI film (B). The images of the PANI-GN 

were always clearer than those of the PANI, probably because of its higher conductivity than PANI. 

Fig. 3 shows the size-distribution of the PANI-GN, where the size represents a diameter at which a rectangular 

particle is approximated as a circle in the photograph of Fig. 1. The diameters range from 1 m to 1.5 m, which 
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is close to the length of rectangular flakes in Fig. 2(A). The supernatant of the centrifuged suspension was 

transparent. Since it did not show any redox wave by cyclic voltammetry in the potential domain from -0.1 V to 

0.8 V vs Ag|AgCl, it contains no oligo-aniline or dissolved PANI. Consequently, PANI is immobilized on the 

suspended GN particles. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Photograph of the wet PANI-GO suspension by the optical microscope, and (insert) the plot of lengths, L, 

of a particle along x- and y-directions against the time by the randomly rotational motion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. SEM of (A) PANI-GN, and (B) PANI. 
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Fig. 3. Distribution of size of suspended PANI-GN particles synthesized at weight fraction of aniline to graphite 

was 3:1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Thermogravimetric curves of (a) PANI, (b) PANI-GO, (c) GO and (d) reduced PANI-GO, obtained at the 

rate of the rising temperature, 10 oC min-1. 

In order to obtain the weight ratio of PANI to the PANI-GN or PANI-GO particles, we carried out 

thermogravimetriry. Fig. 4 shows thermogravimetric curves of (a) PANI, (b) PANI-GO, (c) GO and (d) 

PANI-GN. The decrease in the weight at temperature lower than 140 oC is ascribed to evaporation of water. The 

chemical structure of PANI was kept almost constant until 400 oC (curve (a)). GN is reportedly decomposed at 

temperature over 500 oC into CO and CO2 to be volatilized (Lerf et al., 1998; Choi et al., 2010). This weight loss 

to zero was seen not only for PANI-GN (d) but also for PANI-GO (b) and GO (c). The loss of GO in the domain 

170-200 oC (c) is found in all the GO-included particles. Therefore it can be ascribed to the decomposition of GO 

into GN. The weights at 170 oC and 220 oC in the TGA curve for GO (c) represent weights of GO and GN, 

respectively, denoted by wO and wN. In contrast, the weights for PANI-GO (b) at 170 oC and 220 oC represent 

those of PANI+GO and PANI+GN, respectively, denoted by wAO and wAN. From these values we determined 

some ratios, subtracting the backgrounds (dashed lines in Fig. 4); wN/wO = 0.74, wPANI/wO = 1.13 and wPANI/wN = 

1.53. As a result, the weight amount of PANI is of the same order of magnitude of that of GN. 
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Fig. 5. Variations of the fraction of PANI in the PANI-GO with the fraction of loaded PANI at the synthesis. 

 

 

 

 

 

 

 

 

 

Fig. 6. Photographs of self-standing films of PANI-GN, which was curled in a spatula. 

We varied the loaded concentration of aniline in the synthesis so that the fraction of loaded weight concentration 

of aniline ranged from 0.09 to 0.87. The weight fraction of PANI to PANI-GO is given by fPANI = wPANI / (wPANI + 

wO), determined with TGA. Fig. 5 shows plot of fPANI against the fraction of the loaded aniline at the synthesis, 

fload ( = waniline/(waniline + wloaded O)). The value of fPANI increased linearly with fload for fload < 0.4, and reached a 

saturated value, 0.73  0.02. The saturated values for PANI-GN, i.e.  wPANI/(wPANI + wN), is calculated to be 0.79 

 0.02. The linear domain indicates that the amount of aniline ran short of the polymerization to produce 

partially PANI-covered GO flakes. The saturation implies that GO flakes should be coated with a given thickness 

of PANI films without further growth on the PANI film, similar to the films by the surface-initiated 

polymerization (Zhu et al., 2012). 

As a drop of the suspension of PANI-GN was dried on a substrate such a glass plate, a metal surface and a sheet 

of paper, it was gradually peeled off from the substrate in a rolled form to generate a self-standing film. It was 

able to be readily carried with a pair of tweezers or a spatula or, as shown in Fig. 6. The PANI-GN film was as 

big as 1 cm2 squares in rolled form, of which thickness was ca. 34 m. It was electrically conducting, and the 

resistance was 8 k between two needle-like terminal pins of a resistance meter with 5 mm separation. The film 

was so elastic that the rolled shape was not deformed after the resistance measurement by pressing the film with 

the two pins. It was not destroyed when it was dropped from 1 m height. The PANI-GO suspensions also 

generate self-standing films. However, the size was smaller than that of PANI-GN films because of fragility. 

PANI films are too brittle to generate self-standing films. 

3.2 Voltammetry 

Mass transport properties of suspensions are revealed in the voltammetric behavior (Chen, & Zhang, 2005; Aoki 

& Ke, 2006; Chen, et al., 2006; Han, et al., 2007; Chen, et al., 2008). Voltammograms in the PANI-GN 

suspension at the naked platinum electrode are shown in Fig. 7(a)-(c) for some scan rates, where the potential 

scan was started at the open circuit potential, 0.1 V. They did not vary with the number of scans. There was no 

adsorbed particle on the electrode surface after voltammetry from the view of the optical microscope. The 

voltammograms have both the reduction wave and the oxidation wave at potentials close to those of the 

2 mm 
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electrochemically polymerized PANI (Fig. 7(d)). Therefore PANI in the PANI-GN suspension is both reduced 

and oxidized reversibly. This reversibility is a contrast to the voltammograms of the PANI-GO suspension (in Fig. 

8), in which no anodic wave appears. Since the PANI-GO cast film exhibited the voltammograms similar to at 

the PANI-coated electrode (Fig. 7(d)), the disappearance of the anodic wave in the suspension (Fig. 8) should be 

ascribed to the dispersion of particles. The waves similar to Fig. 8 have been observed at polystyrene-coated 

PANI latex suspensions (Chen et al., 2008), in which the disappearance of the anodic wave has been attributed to 

the suppression of the oxidation by the propagation of the conducting zone of PANI (Aoki et al., 1992; Aoki et 

al., 1993; Aoki & Kawase, 1994; Cao & Aoki, 1996). In general, dispersed particles of the reduced PANI may 

not be oxidized electrochemically because they are detached from the electrode before completing the oxidation 

over the whole particle (Chen et al., 2006). 

The anodic and the cathodic peak currents in Fig. 7 were approximately proportional to v1/2, as are shown in Fig. 

8(e) and (e'). The proportionality indicates that the currents should be controlled by diffusion of the PANI-GN 

particles. According to the derivation of the diffusion-controlled voltammetric current for the n-sequential 

electron transfer reaction of the redox species (Aoki, 2005), the peak current is expressed by 

Ip = 0.446 nec*A(DvF/RT)1/2                         (1) 

where D is the diffusion coefficient of the redox particle, A is the area of the electrode, c* is the number 

concentration of the particle, and n is the number of electrons relevant to the electrode reaction per particle. The 

difference of Eq. (1) from the Randles-Sevich equation is the first order of n rather than n3/2. We determined the 

charge concentration of PANI-GN suspension, nec*, from the charge per mass of the dried suspension and the 

weight concentration of the suspension. The slope in inset Fig. 8 should be equal to 0.446 nec*A(DF/RT)1/2. 

From the known values of nec* and A, we evaluated D to be 2.910-9 cm2 s-1. When the Stokes-Einstein equation 

is applied to the D-value by use of the viscosity of water at 25oC, the diameter of the PANI-GN particles is 1.6 

m. This value is similar to the values obtained by the optical microscope (in Fig. 1). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Voltammograms of the 2.7 mg /g the PANI-GN suspension + 0.5 M sulfuric acid at the platinum electrode 

for v = (a) 100, (b) 50 and (c) 10 mV s-1. Voltammogram (d) is at the electrochemically polymerized PANI 

electrode in 0.5 M sulfuric acid for v = 10 mV s-1. 
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Fig. 8. Voltammograms of the 2.6 mg /g the PANI-GO suspension + 0.5 M sulfuric acid at the platinum electrode 

for v = (a) 100, (b) 50 and (c) 10 mV s-1. The inset shows variations of the peak currents with the square roots of 

the scan rates for (d) the PANI-GO suspension and (e) the PANI-GN suspension. 

In order to evaluate the redox charge of PANI in the PANI-GN suspension, we cast a given amount of the 

suspension on the platinum electrode and dried it under vacuum at 40 oC for 6 h. The dried film did not disperse 

in the aqueous solution. Figure 9 shows the voltammograms of the film (a) in 0.5 M sulfuric acid, together with 

the film made of the PNANI-GO suspension (b) and the electropolymerized PANI film (c), where the current 

values were normalized with 1.0 μg PANI. The voltammogram of PANI-GO is almost the same as that of the 

PANI film, indicating that GO does not contribute to the current without any effect on the redox reaction of 

PANI. In contrast, the voltammogram of PANI-GN (a) is three times larger than that of PANI-GO (b). The larger 

current may be ascribed to the electric conduction of GN. When the PANI-GO film was reduced on the electrode 

with hydrazine for 1 h, the voltammetric current (d) was smaller than that of the PANI-GN film. The smaller 

voltammogram indicates that the reduction of GO to GN in the film should be not be completed. This is 

advantage of the process of fabricating of the PANI-GN films by use of the PANI-GN suspensions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Voltammograms of the films which were formed by casting and drying (a) PANI-GN, (b) PANI-GO, (c) 

the electropolymerized PANI film, and (d) the PANI-GO film (b) reduced with hydrazine. They were obtained in 

0.5 M sulfuric acid at the platinum electrode for v = 10 mV s-1. The current values were normalized with 1.0 g 

PANI. 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Dependence of the oxidation charge of PANI for the (a) PANI-GN, (b) PANI-GO and (c) PANI films on 

the amount of PANI loaded on the electrode. 

We evaluated the oxidation charge from the peaked part, and plotted the charge against thickness of the films in 

Fig. 10. Since the peak is caused by the redox reaction of PANI, the area of the peak should stand mostly for the 

amount of the redox charge of PANI rather than the capacitive charge of GN. The latter should appear as a 
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background-like current without peak. The charges of the three kinds of films are proportional to the thickness. 

Therefore the local redox reaction occurring at a position far from the electrode ought to have no effect of 

electric resistance. The slope for the PANI-GN is 4.5 times larger than that of PANI-GO although the amount of 

PANI loaded on the electrode is common. We can explain the difference in terms of the incompleteness of the 

electrochemical reduction of PANI (Aoki et al., 1993; Aoki & Kawase, 1994; Cao & Aoki, 1996) in which some 

parts of oxidized PANI is left behind from the electrochemical reduction because of cut-off of the electric 

percolation during the reduction. The use of PANI-GN suspensions overcomes the difficulty in incomplete redox 

reaction of PANI films. The slope for the PANI-GO is slightly larger than that of PANI. This is probably because 

the GO flakes expose conducting carbon surface locally with which PANI makes an electric contact. 

4. Conclusions 

Not only PANI-GO but also PANI-GN particles are dispersed in acidic solutions, exhibiting the Brownian 

motion. A side length of a rectangular PANI-GN flake ranges from 1 to 1.5 m. The weight fraction of PANI to 

PANI-GN is a constant, 0.79, regardless of the loaded fractions larger than 0.4. The constant value indicates that 

GO flakes should be coated with a given thickness of PANI films without further growth on the PANI film. The 

PANI-GN suspension generates a self-standing large film, which is elastic and electrically conductive. In 

contrast, the film made of the PANI suspension is fragile and has small size. 

The PANI-GN suspension shows both the reduction and the oxidation waves, whereas the PANI-GO suspension 

exhibits only the reduction wave. The electric conduction of GN can oxidize electrochemically the reduced 

(insulating) PANI without the slow process of the propagation of the conducting zone. The voltammetric peak 

current of the PANI-GN suspension is controlled by diffusion of the PANI-GN flakes. The cast film of the 

PANI-GN suspension on the electrode shows the voltammetric currents 4.5 times larger than the films of 

PANI-GO. This can be understood by the electric conduction of GN, which compensates the electrochemical 

irreversibility of the redox charge of PANI.  
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