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Abstract 

A series of Polyindole/Graphene nanocomposites (PGNCs) as electrochemical energy storage materials were fabricated at 

varying concentration (%, w/w) of graphene raging 3.0–9.0 in Polyindole (PIN) matrix in Supercritical CO2. The 

electrochemical behavior of PGNC prepared at different proportion of graphene was investigated. The PGNC@9% has 

rendered specific capacitance of 389.17 F/g, along with energy and power densities of 13.51 Wh/kg and 511.95 W/kg 

respectively, which is greater as compared to graphene prepared through thermal reduction of graphene oxide. However, PIN 

comprises low capacitance of 24.48 F/g. Successive scans of PGNCs electrode for 1000 cycles at the scan rate of 0.1 V/s in 

KOH (1.0 M) shows a capacitive retention of ~98.6% indicating the electrochemical stability of the electrodes, with 

successive charge-discharge behavior. PGNCs display all the major peaks in Fourier Transform-Infrared and X-Ray 

diffraction spectra. Scanning electron micrograph in permutation with XRD spectra indicates the exfoliation of graphene into 

the matrix of PIN. Simultaneous TG-DSC reveals increased thermal stability of PGNCs with fractions of graphene. The good 

capacitive and charge-discharge performance indicates that supercritically fabricated PGNCs may serve as potential electrode 

materials for electrochemical energy storage devices. Copyright © 2017 VBRI Press. 
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Introduction 

The escalating industrialization and depletion of 

fossil fuel reservoirs has recently intensified the 

pursuit for the materials which can be projected as 

potential candidate for next generation energy 

storage devices [1, 2]. The stored energy under these 

energy storage devices is required to be delivered 

comprehensively with high current whenever 

needed, which is feasible only with high power 

density devices like supercapacitors. In this context, 

electrochemically active polymer nanocomposites 

(PNCs) derived through infusion of carbonaceous 

nanofillers into a variety of conducting polymers has 

recently been of special concern for development of 

electrochemical supercapacitors [3-7]. The improved 

electrochemical supercapacitance, reduced over-

potential along with high rates of charge-discharge 

and extended cyclic stability are the principal 

attributes of such prepared PNCs [8, 9]. In this 

framework in last one decade and so, graphene due 

to its ease of preparation, low cost, high surface area, 

electrochemical activity, chemical stability and other 

assets exhibit great potential as filler for organic 

conducting polymers viz. Polyaniline [4, 10], 

Polypyrrole [11-15] etc. for development of next 

generation electrochemical energy storage systems 

[16-18]. Such PNCs enabled enhanced 

electrochemical supercapacitance which reduced the 

over potential at high charge–discharge rate [5, 7]. 

Synthesis of PNCs involving carbonaceous 

nanofillers suffers Van der Waals interaction that 

limits their dispersion into polymer matrix. In this 

perspective, the significance of supercritical fluids, 

particularly supercritical carbon dioxide (scCO2) as a 

green friendly alternative to organic solvents for 

dispersion of carbonaceous nanofillers into polymer 

matrix has recently been recognized greatly. This 

has been adopted either to develop the new 

technologies or to substitute the traditional 

technologies based on the use of organic solvents. 

The advantages of using scCO2 over conventional 

methods for processing of PNCs are not only 

environmental but also chemical and economical 

[19-22]. scCO2 is a smart solvent due to its critical 

temperature (Tc= 31.1ºC) and moderate critical 

pressure (Pc=7.38 MPa) which allows simple 

removal of redox wastes by venting the pressure. In 
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the course to achieve high power density 

supercapacitors, scCO2 assisted polymerization has 

emerged as an efficient tool, which not only offer a 

feasible and promising solvent free green approach 

alternative beyond traditional solvents polymer 

synthesis[23] but also endorses fuel cells [24] and 

improved capacitive energy storage materials       

[25, 26]. 

Polyindole (PIN) is one of the least studied 

polymer among polymeric electrochemical materials 

for electrochemical energy might due to its low level 

of electrical properties [27-31] which could be a 

consequence of low conductivity of PIN, this 

hinders the charge transfer within and to the 

contiguous PIN units, however Mudila et al. 2014 

had observed good level of specific capacitance for 

PIN with concentration of GO, which had inspired 

authors to investigate PIN in combination with 

graphene for determination of supercapacitance of 

composites. In this investigation scCO2 assisted 

synthesis of Polyindole/Graphene Nanocomposites 

(PGNCs) was executed through FeCl3 (1.85×10-2 

mol/dL) assisted chemical oxidative polymerization 

of Indole (1g, 8.54×10-3 mol) in presence of 

graphene (@3-9%, w/w) in scCO2. This 

investigation demonstrates that PGNCs synthesized 

through insitu scCO2 assisted polymerization 

technique provide high specific capacitance with 

progressive concentration of graphene into the 

matrix of the conducting polymer. The spectral, 

microscopic, and thermal assessments recommend 

the complete entanglement of filler in polymer 

matrix while supercapacitance behavior has been 

explored through cyclic voltammetry of the 

synthesized PIN and respective PGNCs in KOH (1.0 

M). The synthesized PGNCs have shown their 

significance as a high power electrode material with 

stable supercapacitance up to 1000 cycles at a scan 

rate of 0.1 V/s. New and exciting results were 

observed with increasing concentration of graphene 

in the matrix of PIN, suggesting its significance as a 

potential candidate for future generation energy 

strategies. 

 

Experimental 

Starting materials 

Indole (>99%), Polysulfone (Mw; 16×103), 

Chlorosulfonic acid (>99%) and graphite were 

purchased from Sigma Aldrich. Other chemicals and 

solvents were obtained from sd. Fine Chemicals 

India. 

 
Preparation of thermally reduced graphene 

Graphene Oxide (GO) was prepared by applying 

modified Hummers method based on oxidation of 

graphite powder (average particle size 500 mm) as 

described [30]. The GO thus prepared was further 

reduced thermally into graphene, [32, 33] the 

deposited GO material was placed in a vacuum 

furnace (Optics India), which was evacuated by a 

roughing pump. The sample was introduced in the 

furnace at room temperature and pumped down, the 

furnace temperature was ramped up to 400 °C in 1 h, 

held at 900 °C for 2 h, and then brought down to 

room temperature in next 4 h. 
 

Preparation of SPS 

Sulphonated polysulphone (SPS) used as binder and 

one of the ingredients in the matrix was synthesized 

through sulfonation of polysulfone (PS) with 

chlorosulfonic acid in dichloromethane (DCM) as 

described [34]. The precipitated polymer was 

washed repeatedly with distilled water to remove 

traces of solvent and volatiles until neutral water was 

obtained, SPS thus prepared was dried overnight 

(80ºC). 

 
Synthesis of PGNCs 

The recipe for Polyindole/Graphene 

Nanocomposites (PGNCs) was designed by 

dispersion of graphene (3-9%, w/w) into mixture of 

Indole (1g, 8.54×10-3 mol) and FeCl3 (1.85×10-2 

mol/dL) under nitrogen and was conducted in a 

stainless steel high pressure reactor (100 cm3), 

model MC 10 10 SI ST equipped with a PID 

temperature controller, manufactured by Pressure 

Products Industries, Warminster, Penn., USA. CO2 

(99.98 %) was delivered directly to the reaction cell 

at the desired pressure of 1800 psi and then heated at 

90ºC for 6h with an electrical heating tape wrapped 

around exterior of cell to execute the polymerization 

reactions under supercritical conditions therein. The 

temperature (±1ºC) inside the cell was measured by 

thermocouple provided and displayed on PID 

temperature controller. While maintaining 

mechanical agitation the products were isolated 

through venting the CO2 into DCM from the reactor 

cell at 40ºC and 50 psi/min. The crude products were 

subsequently washed with methanol to remove the 

untreated monomer and initiator. Similar scheme 

was assumed to synthesize PIN in ~90% yield. 
 

Fabrication of electrodes 

The commercially available 316-SS was prepared to 

1 cm2 area and finished with an emery paper (mesh 

size 320600). It was then de-greased with acetone 

and subjected to surface oxidation at 50±1ºC for 1h. 

As prepared SPS was used as an effective binder for 

material. Electroactive material (65 mg) along with 

graphite (10 mg) was added to a solution of SPS  

(5 g/dL) in N-methyl Pyrollidone (NMP). The 
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contents were ultrasonicated over 15 min. The 

solution (50 µL) was applied over SS substrate; this 

has afforded the cathodes with mass thickness of 

electroactive materials by 5±1 mg over 316-SS 

substrate. The treated substrate was initially dried at 

room temperature for 2h, followed by 100°C/400 

mm Hg for next 48 h. 

 

Results and discussion 

FT–IR spectra 

FT-IR spectra of all samples were recorded on 

Thermo Nicolet FT-IR Spectrophotometer using 

KBr pellets (Fig. 1a). Raw graphite and GO revealed 

characteristic absorptions (cm-1) as reported [35, 36]. 

GO has low level of conductivity and is less used as 

a conductive material as compared to graphene 

which is thermally stable and more electrically 

conducting. The reduction of GO to graphene 

significantly can furnish thermal stability and 

electrical conductivity, close to the level of graphite 

[32, 37]. FT-IR spectra for thermally reduced 

graphene oxide (900°C) is shown in Fig. 1a(iii), 

indicates the removal of carboxyl groups and partial 

hydroxyl groups. Weak absorption peaks at ~1050–

1150 cm-1  represent residual epoxide groups, and the 

peak exist at 1573 cm-1 is attributed to the aromatic 

C=C group, the graphene obtained at high 

temperature was improved with less dis-orderness 

[31]. The absorption peaks of PIN were in 

accordance with previous done work [38]  

(Fig. 1a(iv)). A representative PGNCs synthesized at 

9.0 % w/w concentration of graphene shows 

characteristic absorption of PIN and graphene in its 

spectrum (Fig. 1a(v)). 

XRD spectra of pulverized samples were recorded 

at room temperature over Rigaku-Geigerflex X-Ray 

Diffractometer using Cu-Kα radiation. Debye-

Scherrer formula was employed to estimate average 

particle size of all materials (Table 1) to confirm the 

nanostructure of PGNCs: 

                 



cos

9.0
D                                          (1) 

Where ‘λ’ is wave length of X-Ray (1.541 Å), ‘β’ is 

FWHM (full width at half maximum), ‘θ’ is the 

diffraction angle and ‘D’ is particle size (diameter). 

The value of d (the interplanar spacing between the 

atoms) is calculated using Bragg’s Law:  

             




sin2

n
d                                                 (2) 

 

Graphite and GO (Fig. 1b(i) and (ii)) shows peak 

in agreement with previously reported results       

[39-41]. The XRD pattern (Fig. 1b(iii)) of graphene 

achieved via reduction of GO, has a strong peak at 

2θ =26.11° (Table 1). In addition, the exfoliation of 

GO sheets after rapid vaporization of the intercalated 

water molecules resulted severe modifications in 

interlayer distance of 7.47 to 3.41 Ǻ (Table 1) for 

GO and graphene. 
 

Table 1. Grain size of all the fabricated material. 

Material 

2θ of 

the 

intense 

peak 

(deg) 

θ of 

the 

intense 

peak 

(deg) 

FWHM 

(β) of 

Intense 

peak 

Radians 

Grain 

Size 

(D) 

nm 

d-

spacing 

(Å) 

GO 11.83 5.92 0.0045 30.68 7.47 

Graphene 26.11 13.06 0.0084 17.00 3.41 

PIN 24.49 12.25 0.0065 21.85 3.63 

PGNC@3

% 
24.10 12.05 0.0049 32.16 3.69 

PGNC@6

% 
23.94 11.97 0.0054 29.13 3.72 

PGNC@9

% 
23.74 11.87 0.0059 26.68 3.74 

 

At various temperatures below 900°C the water 

molecules, the hydroxyl and the carboxyl groups are 

removed from GO and only few hydroxyl and 

epoxide groups were remaining [33]. XRD of PIN is 

observed in Fig. 1b(iv), PIN shows 2θ=24.49°, 

d=3.63 Ǻ [29]. With rise in concentration of 

graphene in the matrix of PIN, a regular increase in 

the gallery spacing of the PIN in respective PGNCs 

has been observed ranging 3.69 to 3.74 Ǻ with a 

shift in 2θ= 24.10 to 23.74º, such increase in the 

gallery spacing of PIN in the respective 

nanocomposites may be attributed to their 

lamination over monolayer graphene. 

 

 
 

Fig. 1. (a) FT-IR and (b) XRD of Graphite (i), GO (ii), Graphene (iii), 
PIN (iv) and PGNC@9% (v). 
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XRD analysis 

Moreover all the PGNCs have rendered 

characteristic diffused XRD spectra indicating their 

nebulous character. Fig. 1b(v) represents XRD 

pattern of PGNC@9.0 %, w/w of graphene. 

 
Thermal analysis 

TG of all the samples were recorded over TGA-50H 

with sample load ranging from 2.1 to 6.5 mg  under 

inert N2 atmosphere @ rate of 30 mL/min from ~20 

ºC to 600 ºC. Thermal decomposition of PIN has 

been started with onset temperature (ºC) 240.32 

leaving residue (%) 91.44. Prior to onset 

temperature, the WL (%) of 3.31 associated with PIN 

at 100°C was due to the trapped moisture [27, 44, 

45]. The decomposition of PIN has been ended with 

endset temperature (ºC) 599.72 leaving char residue 

(%) 10.36 (Fig. 2a). With concentration of graphene 

in the matrix, a gradual increase in the onset 

temperature (ºC) of the respective PGNCs has been 

recorded ranging 312.09-442.28. The WL (%) at 

100ºC corresponding to moisture content of PGNCs 

was ranging 1.05–0.85. While steady mass loss 

between 100 to 250ºC is probably because of 

removal of residual oxygenated functional groups 

viz., CO and CO2. 50% mass loss of active material 

ensues at ~560ºC. For the composite there is mass 

loss in the range of 445 to 575ºC due to 

decomposition of PIN and remaining functional 

groups which complete at 590ºC. At onset 

temperature, PGNCs have left WR (%) ranging 

79.44–78.19. This has further been accompanied by 

a simultaneous increase in the endset temperature 

ranging 599.90–600 ºC leaving char residue (%) 

ranging 42.11-58.18 (Fig. 2a). PIN and the 

respective PGNCs display rapid WL (%) at 

temperature (ºC) ranging 500-600 which was higher 

in case of PIN.  

In order to have further insight into thermal 

stability of the electroactive polymer and respective 

PGNCs, their DSC scans were recorded over DSC-

60 with a flow rate of 30 mL/min from ~25ºC to 

300ºC (Fig. 2b). With concentration of graphene, the 

respective PGNCs have shown remarkable increase 

in the Tg ranging 53.11–71.81 ºC. Such observations 

indicate respective PGNCs have shown higher 

thermal stability over PIN. The weak interaction and 

more ordered arrangement of the polymer and the 

graphene cause the regular increment in the Tg of 

PGNCs with concentration of active material, as 

compared to the electroactive polymer. The 

deflagration of graphene occurs at the high 

temperature, so in the case of PGNCs, the compact 

and ordered arrangements of graphene layers in the 

molecular chains of electroactive polymer functions 

as a barrier to heat passage, thus preventing the 

deflagration of the polymer. The pronounced 

thermal stability implies that weak interaction and 

more ordered arrangement of the polymer and the 

active material (graphene) have caused the 

increment in the Tg temperature of composite  

[46, 47]. 

 

 
 

Fig.2. TGA (a) and DSC (b) curve of PIN and composite. 

 

Electrochemical analysis 

Electroactive nature of all the materials was 

observed with cyclic voltammetry (CV), scanned 

over IVIUM Potantiostat-Galvanostat Netherlands 

BV at current compliance 10 mA and ranges of 

voltage compliance -0.4 to 0.1 V, at scan rate (V/s) 

0.001 to 0.15 using a three electrode cell assembly 

with reference to Ag/AgCl electrode. Pt foil with  

1 cm2 area was employed as counter electrode and 

commercially available 316-SS electrode as a 

working electrode. 1M KOH solution was used as 

electrolyte in whole experiment. All the materials 

represents CV closed to quasi rectangular shape, 

indicating the supercapacitive behavior of these 

materials. Electrochemical studies on graphene, PIN, 

and PGNCs, deliver us exciting outcomes which 

demonstrate PGNCs as quite efficient material for 

preparation and its development as a material for 

energy storage devices. Graphene has previously 

recognized to comprise of thriving capacity and a 

potential material to store energy. The CV were 

taken in the above said potential range at scan rates 

of 0.001 to 0.15 V/s, to provide specific capacitance 

of 241.30 to 3.361 (Fig. 3a). 
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Fig. 3. CV of Graphene (a) and PIN (b) at various scan rates. 

 

Specific capacitance (Cs) of the active materials 

was calculated from the voltammetric charges by the 

CV curve, by means of relation:  

 

Vm
Cs




2

qc +qa                                                  (3) 

 

where, “qa” and “qc” are the voltammetric charges 

on anodic and cathodic scans, in the capacitive 

potential region (∆V), and “m” being the mass of 

active material.  
 

 
 
Fig. 4(a). CV of PGNC@9% at all scan rates (b) CV of PGNCs @3-9% 

(i-iii) at 0.01V/s. 

 

PIN usually shows low level of electrochemical 

energy storage [48-50] as compared to graphene. 

PIN with increasing scan rate i.e. 0.001 to 0.15 V/s 

shows specific capacitance of 24.48 F/g to 1.75 F/g 

as observed in Fig. 3b. Fig.4a. demonstrates the 

escalation in specific capacitance with scan rate for 

PGNC@9%. With increasing fraction of graphene 

(i.e. 3-9% w/w) in the matrix of polymer a steady 

increase was witnessed in the specific capacitance of 

PGNCs at 0.01V/s (Fig. 4b). 

Fig. 5a. illustrate the comparative specific 

capacitance of graphene, PIN and PGNC@9% at 

scan rate of 0.001 V/s which demonstrate 

PGNC@9% to be most supercapacitive (389.17 F/g) 

which is comparable to the results achieved by 

previous researchers [49, 50] and PIN to be least 

capacitive of the all (24.48 F/g) which is further 

confirmed with the comparative histogram of Cs of 

all the electroactive materials (Fig. 5b). The increase 

in the capacitance of PGNC’s may be attributed to 

synergistic effects of the involved components, thus 

higher concentration of graphene imparts additional 

capacitance to the nanocomposites. On the contrary 

the decrease of capacitance with increasing scan rate 

in CV curves can be explained to the fact that, at a 

higher scan rate, charge diffusion is not able to 

follow the variation in electric field, and thus returns 

small capacitance or energy density values and high 

power density. 

 

 
 
Fig. 5 (a). CV of PIN, Graphene and PGNC@9% (i-iii) at 0.001V/s (b) 

Specific capacitance of all electroactive materials. 
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 The energy density (E) and power density (P) 

for PIN and NCs were estimated respectively 

through following equations: 

 

2

V)( Cs 2
E                                                    (4) 

3600×
t

E
P


                                                   (5) 

 

where, “Cs” is specific capacitance, ΔV is the 

applied initial voltage and “Δt” is the corresponding 

discharge time in hour, the maximum energy density 

of 1.00 Wh/kg and 13.51 Wh/kg for PIN and 

PGNC@9%, while corresponding power density of 

36.00 W/kg and 511.95 W/kg was accounted for 

PIN and PGNC@9% respectively. These achieved 

power density was found to be much greater as 

compared to that power density obtained by Zhou et 

al. for PIN/RGO/CC electrode (500 W/kg at the 

energy density of 45 Wh/kg) and having comparable 

power density for V2O5/PIn/rGO and 

Graphene/CNT/PPY assembly [49-51]. This 

suggests that scCO2 aides in achieving the higher 

level interaction of functional groups on PIN and 

Graphene which was advantageous to improve the 

specific capacitance of the prepared nanocomposites. 

Fig. 6a. shows charging-discharging curves of 

PGNC@9% recorded in the voltage range from -0.4 

V to 0.1 V at an applied current density of 10 

mA/cm2.  

 

 
 

Fig. 6. (a) Charge-discharge curves for PGNC@9% (b) Effect of number 
of cycle on the Cs and stability. 

 

The charge/discharge curves exhibit reversible 

characteristics without apparent deviation in each 

cycle, this charge/discharge curves are virtually 

linear in the total range of potential with constant 

slopes, representing perfect electrocapacitive 

behavior. This suggests good electrochemical 

stability for the PGNC electrodes. A ~98.6% 

capacitive retention through the first 1000 cycles at a 

0.1 V/s, (Fig. 6b) indicates the excellent cyclic 

stability of the nanocomposites for supercapacitor 

applications. 

Conclusion  

A series of Polyindole-Graphene nanocomposites 

(PGNCs) were prepared through FeCl3 assisted 

chemical oxidative polymerization of Indole in 

scCO2. The FT-IR, XRD spectra and scanning 

electron micrographs reveals the formation of 

PGNCs. Simultaneous TG-DSC describes the 

thermal behavior of PGNCs which get more stable 

with percentage of graphene. CV studies suggest that 

these PGNCs having varying concentration of 

graphene (3-9%) in their matrix can be employed as 

potential material for the above said property. 

PGNC@9% had provided with specific capacitance 

of 389.17 F/g which is higher as compared to 

graphene, whereas PIN comprises of least 

capacitance of 24.48 F/g. A drop of ~1.4% in the 

specific capacitance of PGNCs electrode was 

observed for first 1000 successive cycles at the scan 

rate of 0.1 V/s, thus illuminating good cyclic 

stability of electrode material also the charge-

discharge curves are almost linear in the total range 

of potential with constant slopes, presenting perfect 

electrocapacitive behavior. The maximum energy 

density of 1.00 Wh/kg and 13.51 Wh/kg was 

encountered for PIN and PGNC@9%, while 

corresponding power density of 36.00 W/kg and 

511.95 W/kg was accounted respectively, which 

were found to be higher or comparable for the 

electrodes materials employed earlier for 

supercapacitive studies. The present efforts 

demonstrates an approach for synthesis of the 

electrochemically active PGNCs with improved 

capacitive, cyclic and galvanostatic charge-discharge 

behavior that may serve as potential candidate as 

electrode materials for development of 

electrochemical energy storage devices. 
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Supporting Information 

SEM micrograph 

Scanning micrographs of gold coated specimen 

derived from graphene, PIN and respective PGNCs 

were observed over JEOL (JSM-6610 LV) with 

beam voltage 5KV at 1.0 KX, 10µm shown in Fig. 

S1(a-c). Fig. S1a. demonstrate SEM micrograph for 

thermally reduced graphene, it shows layered 

structure appear to corrugated into a wavy shape, 

closely associated with each other and forming a 

disordered solid. The surface of PIN electrode 

prepared in presence of SPS as binder has rendered 

the characteristic rod shaped grains of PIN, such rod 

shaped micro-domain formation has been the 

characteristic of PIN irrespective to their adopted 

method of synthesis [42, 43] (Fig. S1b).  

 

 
 

Fig. S1. represents the SEM image of a 

representative PGNCs synthesized at 9.0 %, w/w of 

graphene, the micrograph reveals a characteristic 

non-uniform distribution of the grains of PGNCs 

with no distinct visibility of the microrods of the 

PIN. Such surface characteristic may be due to the 

formation of the PGNCs with intercalated domains 

of the PIN microrods among the entanglement space 

of the graphene as earlier observed through increase 

in the gallery spacing of GO due to the presence of 

PIN   (in XRD spectra, Fig. 1b).  
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