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HIGHLIGHTS

A series of binary (chitosan-polyaniline) and ternary (chitosan-graphene-polyaniline)
nanocomposites have been developed via in-situ polymerization of aniline.

The molar ratio of polyaniline and mass ratio graphene were tuned in order to achieve
high electrical conductivity.

Among the composites, CG;P and CPs demonstrated excellent electrochemical
performance with maximum specific capacitance of 1519 and 939 Pg.', respectively.
The CGsP composite retained 88% of initial capacitance, indicating"excellent cycle

life stability.
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ABSTRACT

Present work describes the preparation of series of binary (chitosan-polyaniline, CP; to CP;)
and ternary (chitosan-graphene-polyaniline, CGiP==ton. CGsP) composites via in-situ
polymerization of aniline. The physico-chemical ‘properties of the developed composites were
studied. The electrical conductivity of all the ‘eomposites was measured using four-probe
method, and found that among the composites CPsand CG3;P composites showed an excellent
electrical conductivity as high as$y4.165x10" and 2.9745 S cm™, respectively. The
electrochemical performanee was systematically investigated. Electrochemical measurements
indicated that the speeific capacitance of CG3P composite was found to be 1519 F g at a
scan rate of ¥mVis /in 1 M H,SOy4 electrolyte solution, which is remarkably higher than
those ofpure PANI (495 F g) and CPs (939 F g™'). Further, it is found that 88% of the initial
capacitance”of CGsP was retained after repeating 1000 cycles, which demonstrates the

excellent cycle life stability.
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1. Rationale

The increase of environmental pollution ‘and decrease of fossil fuels together
prompted the development of sustainable and renéwable alternative energy resources while
focusing on ways to reduce CO, emission: [1,2]. Now a days, secondary batteries and
supercapacitors have gained great ) attention [3]. Supercapacitors also known as
electrochemical capacitors have some fascinating features, such as high power density, longer
cycle life, short charging ‘time and low maintenance cost. These features make them
promising energy” storage devices in a wide range of applications, such as portable

electronics, hybrid electric vehicles, military devices and memory backup devices [4-8].

To bring the efficient supercapacitors, the development of electrode materials plays a
key role.’The carbon materials, transition metal oxides and conductive polymers (CP’s) have
become the most commonly employed electrode materials [9-12]. However, each material
has its unique advantages and disadvantages for supercapacitor applications. Commonly used
conducting polymers in supercapacitors are polyaniline (PANI) [13,14] polypyrrole (PPy)

[15-17] poly(3,4-ethylenedioxythiophene) (PEDOT) [18] and poly(o-anisidine) [19]. Among



these, PANI is one of the most investigated CP’s owing to its facile synthesis, environmental
stability, good electrical conductivity and uncommon conducting/insulating fast transition by
doping/dedoping process [20,21]. Graphene is an outstanding candidate as an electrode
material. Graphene sheet is basically a single layer with 2D hexagonal lattice of sp” carbon
atoms, which are covalently bonded along the two plane directions [22,23]. Another
outstanding characteristic of graphene is its exceptionally high specific surface area.
Unfortunately, the pure form of graphene electrode does not exhibit the desired specific
capacitance owing to its inevitable aggregation of graphene sheets [24]. Thus, preventing the
aggregation of graphene nanosheets is of great importance to improve the properties of
graphene based nanocomposites for supercapacitor deviges.” There are reports, wherein
dispersion of graphene in the polymer matrix was improved by covalent and non-covalent
modifications of graphene with surfactants [25,26].~However, most of the surfactants are
toxic and difficult to remove from the composites due to their strong affinity with the
graphene surfaces, which limit the application potentiality. Chitosan (CS) can improve the
dispersion of graphene in the polymer matrix. Recently, CS and its derivatives have been
reported for the modification ef graphene to improve their dispersion state effectively [27].
Besides, CS also exhibits unique properties, such as biocompatibility, high mechanical
strength, low cost, chemical inertness and biodegradability [28]. In view of this, hybrid
composite materials’have been developed based on chitosan with metal oxides, conducting
polymets and carbon based materials owing to the excellent properties of individual

components and their synergistic effect [29-37].

Understanding the intrinsic properties of aforementioned composites and their
electrochemical performances, we have developed the chitosan based binary and ternary
nanocomposites in one step by in-situ polymerization technique. The physico-chemical

properties, electrical conductivity, and electrochemical properties of the resulting series of



composites were studied by employing various techniques. Results were discussed in terms

of the individual properties of the components and their synergistic effect.
2. Procedure
2.1. Materials

Aniline purchased from Sigma-Aldrich Chemie, GmbH, Germany was purified by
distillation under reduced pressure, Chitosan (My, 1.86x10°), graphite flakes (325 mesh) and
ammonium persulfate were purchased from S. D. Fine Chemicals Ltd.,.Mumbai, India. All
other reagents used in our experiment were of analytical reagent grade,and used without

further purification. Deionised (DI) water was used throughout the experiment.
2.2. Methods
2.2.1. Fourier transform infrared (FT-IR) spectroscopy:

The interaction between chitosan, reduced- graphene oxide and the polyaniline was
studied using FT-IR spectrometer (Nicolet,\Impact-410, USA). The spectra were recorded in

the range of 400-4000 cm’".
2.2.2. X-Ray diffraction (XRD)

The XRD patterns of all the samples were recorded at room temperature using an X-
ray diffractometer (Bruker, D-8 Advance, Germany). The X-ray source was nickel-filtered
CuKoa radiation(40 KV, 30 mA). The sample was mounted on a sample holder and scanned

in theeflection mode at an angle 26 over a range of 5 to 60°at a speed of 2°min”".

2.2.3. Thermogravimetric analysis (TGA)

The thermal stability of all the samples was assessed using a thermogravimetric

analyzer (TA Instruments, DSC Q 20, Waters LLC, USA) at a heating rate of 10 °C min™



under nitrogen atmosphere. The weight of the samples taken for each record was about §-10

mg.
2.2.4. Scanning electron microscopy (SEM)

The surface morphology of all the samples was recorded using scanning electron
microscope (JEOL, JSM-400 A, Tokyo, Japan). All the samples were sputtered with gold to

have good electrical contact and avoid charging.
2.2.5. Electrical conductivity measurements

The electrical conductivity of PANI, and composites such/as CP; to CP7 and CG,P to
CGsP composites were measured with a conventional four-point probe technique (SES
Instruments Pvt. Ltd., DF-P-02, India) at 25 °C. The procedure for the measurement is as
follows: 0.5 g of each sample was finely ground in a.umortar pestle and pellet was made with
the help of a hydraulic pressure of about 400 kg cm™. The thickness of each pellet was
measured using peacock gauge (Ozaki MEG. ‘Co. Ltd, Model G, Japan). The pellet was
placed on the base plate of the probe arrangement and the probes were allowed to rest on the
middle of the pellet. A gentle'pressure was applied on the probes and it was then tightened so
as to piercing the samplé by'the probes. The current was passed through the two outer probes
and the floating potential across the inner pair of probes was measured. The same procedure

was adopted/for the remaining samples.

The current-voltage data measured by a 4-in-line probe dc electrical conductivity

instrument were processed for the calculation of resistivity (p,) using the Eq. (1):

po = (%) X 27S (1)

where V is the voltage (mV) and I is the current (mA). Since the thickness of the

sample was so small as compared to the probe distance, a correction factor was applied and



calculated the corrected resistivity using the Eq. (2):

_ _Po
p= G7(W) (2)

where p is the corrected resistivity in ohm cm™, G7 (W/S) is the correction factor used
in case of non-conducting bottom surface, and W is the thickness of the sample (cm) and S is

the probe spacing (cm). Thus, the electrical conductivity (c) was calculated using the Eq. (3):

=1/, 3)

where o is the electrical conductivity in S cm™.

2.2.6. Electrochemical measurements

Electrochemical measurements of PANI, and composites such as CP; to CP; and
CG/P to CGsP were performed using three-electrodessystem. The working electrode was a
glassy carbon electrode with a diameter of 3 mm. The platinum wire was used as a counter
electrode while Ag/AgCl was used as a.refetence electrode. Typically, 4 mg of sample was
initially dispersed with a sonicator=in 1 mL of absolute ethanol and to this, 10 pL of
polytetrafluoroethylene (PTFE) emulsion (60%) was added. The resulting suspension of 10
uL was dropped onto theiglassy carbon electrode using a pipette gun and dried at room
temperature. The cyelic voltammetry (CV) study was performed using an electrochemical
work station (ACMinstrument, GILL AC, USA) at room temperature using 1 M H,SOy as an
electrolyte. The.€V measurements were carried out from -1 to +1 V at various scan rates of
5-120 mVes™, Cycle life stability of the samples was tested at fixed scan rate of 50 mV s for

1000 eycles.
2.3. Synthesis

2.3.1. Synthesis of binary chitosan-polyaniline (CP) composites



The chitosan-polyaniline (CP) binary composites were prepared by following the
method as described here. First, the chitosan solution was prepared by dissolving 0.5 g of
chitosan powder in 2 wt% of aqueous acetic acid solution and stirred overnight to get a
homogenous solution. To this chitosan solution, 5x10~ M aniline monomer was added and
allowed for stirring. After 30 minutes, a calculated amount of ammonium persulfate solution
prepared in 0.5 M HCI was added as an oxidant. Upon addition of ammonium persulfate,
colour of the solution slowly turned green, which confirmed the polymerization of aniline.
While stirring, the reaction was kept overnight to complete the polymerization. Subsequently,
the reaction mixture was neutralized by the addition of 5% NaOH solution and the resulting
graft copolymer was precipitated by adding an adequate quantity of ethanol. The precipitate
thus obtained was washed with N-methyl pyrrolidine (NMP) and followed by acetone.
Finally, the product was dried for 2 days in a vacuum oven at 55 °C. The compound was
designated as CP; Similarly, other composites (CP, to CP;) were prepared by varying the
concentration of aniline monomer. The molar ratio of oxidant to monomer was 1.2:1. The

pure PANI was also prepared to compare the results.
2.3.2. Synthesis of ternary chitosan-reduced graphene oxide-polyaniline (CGP) composites

Fig. 1. Illustration ofithe experimental procedure for the synthesis of CGP nanocomposites

by in-situ polymerization.

The ternary CGP composite was synthesized via in-situ chemical oxidation of aniline
monemer ift the presence of chitosan-graphene template. Chitosan (0.5 g) was dissolved in 2
wt% of acetic acid solution and stirred overnight at room temperature to obtain homogenous
solution as shown in Fig. 1(a). To this, a known amount of reduced graphene oxide (RGO)
was added and subjected to sonication for 20 minutes [Fig. 1(b)]. The rest of the
polymerization procedure was followed as similar to the procedure adopted for the
preparation of binary CP composites. However, the concentration of aniline and ammonium
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persulfate was fixed as similar to CPs composite and varied the amount of the RGO as shown
in Fig. 1(c). The resulting hybrid ternary composites were designated as CG,P to CGsP

depending on the content of RGO.

3. Data, value and validation

3.1. FT-IR study

Fig. 2. Illustration of FT-IR spectra of CS, PANI, CPs, CGs;P and RGO.

The FTIR spectra of pure chitosan, PANI, RGO, binary composite CPs and ternary
composite CG3;P are shown in Fig. 2. The spectrum of pure chitgsan exhibited a strong and
broad band at around 3400 cm ™', which is attributed to the stretehing vibrations of both -NH
and —OH groups. The bands appeared at 1659 and 1597.cm | are respectively assigned to
amino-I and amino-II groups of chitosan [38]. The multiple bands observed between 1000
and 1200 cm™ are assigned to C-O stretchings.\Jn the FT-IR spectrum of pure PANI, the
characteristic bands observed at 1565and.\1486 cm™ are respectively assigned to C=C
stretchings of quinonoid and benzenoid rings [39,40]. The bands at 1298 and 1245 cm’ are
attributed to the stretchingibrations of C-N and C=N, respectively [41,42]. The FTIR
spectrum of CPs showed characteristic peaks of PANI as well as chitosan. However, the band
observed at 1083,¢m™ in the CS spectrum was shifted slightly to higher wavelength of 1109
cm™. All theSe eviderices ascertain the formation of PANI and its grafting onto chitosan. In
the FT-IR spectrum of RGO, the band appeared at 1571 cm™ corresponds to C=C stretchings,
indicating that graphene oxide underwent reduction. The stretching vibrations appeared in the
CGsP and CPs are closed to each other. This result demonstrates interaction between CS,

RGO and PANL
3.2. XRD study

Fig. 3. XRD pattern of CS, PANI, CPs, RGO and CGs;P.



The X-ray diffraction patterns of pure CS, PANI, RGO, and composites such as CPs
and CG3P are shown in Fig. 3. The pattern of chitosan showed a sharp peak centered at 20 =
20°, suggesting that chitosan is dominated by the crystalline nature [43,44]. The PANI
exhibited several peaks, with the intense peak at 20 = 25.5°. These reflections indicate some
crystalline order in the bulk of PANI sample [39]. In XRD pattern of CPs, the two peaks were
observed at 20 = 20° and 25.8°, which respectively correspond to CS and PANI. This
confirms that PANI is successfully grafted onto CS. Pure RGO exhibited a broad reflection
peak centered at 20 = 24.5°, revealing high reduction of GO and the exfoliation of the layered
RGO [45]. This is clearly observed in the SEM images of reduced graphene oxide. The XRD
pattern of CG3;P composite is almost similar to the pattern.of €Ps. This infers that the RGO
sheets are so weak, and thus they are overlapped with the chains of PANI. This further
reveals that most of the RGO sheets were exfoliated ‘and uniformly dispersed in the polymer

matrix.
3.3. TGA study
Fig. 4. Thermograms of CS, PANI, RGO and composites CPsand CG3P.

The thermal stability and degradation behaviour of chitosan, PANI, RGO and their
composites were investigated under nitrogen atmosphere using TGA and the resulting
thermogramsare shown in Fig. 4. Chitosan, PANI, RGO and their composites showed the
weight loss offabout 10-16% in the temperature range of 60-110 °C. This is due to the loss of
adserbed water molecules. In the second stage, weight loss of chitosan started at around 280
°C, that corresponds to the loss of polymeric chains, while the decomposition of binary CPs
and ternary CG3;P composites occurred between 120 and 250 °C, and is attributed to the
weight loss of PANI [31,34]. The weight loss of CPs and CG3P after 250 °C was mainly due
to the degradation of the polymer backbone [31]. The thermal stability of binary CPs is
increased by the addition of PANI, and the thermal stability of ternary CG3;P composites is
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increased due to the RGO content. The TGA pattern of reduced graphene oxide (RGO)
exhibited weight loss of around 31% up to the measured temperature (800 °C). This is mainly
due to the reduction of oxygen containing functional groups. Similarly, the pure PANI
exhibited mass loss of around 66% in the temperature range of 100 to 800 °C. Further, it is
observed that still there is 30, 38 and 43 mass% of residue weights remained at 800 °C in
chitosan, CPs and CGs;P, respectively. The highest mass% of residue (43%) is/Observed in
CGsP composite as compared to CPs and CS, which indicates that ternary composite
exhibited good thermal stability. This is obviously because of the incofporation of RGO into

CP matrix.
3.4. Surface morphology

Fig. 5. SEM images of PANI (a,b), CPs (c,d), RGO (e,f) and CGsP (g,h) with different

magnifications.

The surface morphology of CS, PANIL, RGO, and composites of CPs and CGsP was
shown in Fig. 5. The PANI has.shown short rod like nanofibers (Fig. 5.a,b). After the
incorporation of PANI into chitosan, the resulting binary composite CPs showed morphology
like roots of the tree spfead over the land in the low magnification of SEM images (inlet
colour image, Fig..5 ¢)<However, magnified image (Fig. 5 d) has shown the surface having
short rod likeAibrous structure accumulated with granular form of polyaniline. The RGO has
shown sheet likemorphology in the images, which confirms the high degree of reduction
(Fige.S e,f)>"From the SEM images of CG3P composite (Fig. 5 g,h), it is observed that small
granule shaped PANI randomly attached on the surface of well dispersed conducting RGO
(denoted by yellow coloured arrow). The coating of PANI over the graphene plates can easily
perceived by comparing the SEM images of CG;P composite and pure RGO. Here, the PANI
did not coat on the full surface of RGO since it is mainly in the form of granules or fibre like
structure, yet it was mostly covered the surface with its granule structure. The adherence of
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granule shaped PANI over the RGO formed a conducting network in the CG3;P composite and
established the n—m interactions among them. Similar conclusions were drawn by Kumar et
al. [46]. Due to this reason, the CG;P ternary composite demonstrated the highest specific
capacitance. Further, this coating and intercalations inhibit the restacking of individual

graphene layer owing to severe Van der Waals force of attraction among them.
3.5. Electrical conductivity study
Table 1 Electrical conductivity of samples CP; to CP;, CG,P to CGsP, pure PANT-and RGO.

The electrical conductivity of pure PANI, RGO, binary composites CP; to CP; and
ternary composites CG;P to CGsP was measured using a four-point*probe method and data
are presented in Table 1. In order to achieve the highest electrical conductivity, the reaction
protocol was tuned by varying the aniline concentration=with constant mass of chitosan. As
the concentration of aniline was increased, the electrieal conductivity increased initially from
CP; to CPs with a maximum electrical,conductivity of about 4.165x10"' S cm'l, and then
decreased for CP¢ and CP; This is*because, the further addition of aniline into the chitosan
matrix was lead to the formation of-‘aggregates, which resisted the transport of effective
charge along the conductive networks and thereby the electrical conductivity was decreased.
Among the binary composites developed here, CPs exhibited the highest electrical

conductivity ,of 4.165%x10" S cm™

, which is higher than those of chitosan based binary
composites repoerted by Tiwari et al. [47] and Yuvaz et al. [31]. Further to increase the

electrical conductivity of CPs, we have varied the amount of RGO.

As similar to binary composites, electrical conductivity of the ternary composites was
increased with increasing the mass% of RGO and reached maximum electrical conductivity
of 2.9745 S cm™ for CGsP and then decreased with further increasing the mass% of RGO.

The decrease in electrical conductivity for CG4P and CGsP is due to the formation of isolated

12



aggregates, which hindered the transport of charge along the conductive network as noticed
in the binary composites [48,49]. Thus, the CG;P ternary composite demonstrated the highest
electrical conductivity and is much higher than those of RGO and PANI. This is mainly due
to the formation of nanostructure in the ternary composite and the synergistic effects resulted
from three components. Firstly, the addition of plate like structure of graphene greatly
improved the electrical conductivity due to the formation of conductive networks for the
charge transport throughout the insulating chitosan polymer matrix. Secondly, the m-m
stacking between the PANI polymer backbone and the RGO sheets’ further enhanced the
electrical conductivity of the ternary composite. The specific capacitance determined for the
series of binary and ternary composites also supported the electrical conductivity behaviour,
since electrical conductivity is one of the prime requiréments for achieving the high specific

capacitance.
3.6. Electrochemical performance

Fig. 6. Cyclic voltammograms of PANI, CPs and CG3;P measured in three-electrode system
with a potential range of -1to #1 Vin/1 M H,SOy electrolyte solution at different scan rates
of 5-120 mV s™' (a-c); Cyclic voltammograms of PANI, CPs and CG3P measured at a fixed
scan rate of 5 mV s (d).

Figure“6- (a,,band c) shows the CV curves of PANI, CPs and CG;P measured at

different” scan'ratés of 5-120 mV s '

in 1 M H,SOg solution. It is found that the peak current
in the CV-eurves was slowly increased with scan rate. This indicates that the CV current is
directly proportional to the scan rate. The cyclic voltammograms at high scan rates did not
show sharp redox peaks over the potential range. This is because of the slow kinetics of the

redox reaction of the electrode as well as the limited proton diffusion migration as compared

to the low scan rate [50].
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Figure 6d shows the CV curves of PANI, CPs and CGsP performed at fixed scan rate
of 5mV s in 1 M H,SO, solution. All the CV curves exhibited two pairs of redox peaks
(Ci/A4, Co/A;), which are the indicative of typical pseudocapacitive characteristic of PANI.
The peaks Ci/A; are related to the redox transitions of PANI from a semiconducting state
(leucoemeraldine form) to a conducting state (emeraldine form). The Peaks C,/A, are
corresponds to Faradaic transformations from emeraldine to pernigraniline [§1-53]. The
redox peaks of CPs exhibited higher current than that of pure PANI and lower/current than
that of CG;P. Since there is a linear relation between CV area and the specific capacitance,
the CGsP composite exhibited higher specific capacitance than those of,CPs and PANI. The
electrochemical performance was also conducted for other binary and ternary composites
under the same condition and the CV curves are givendas supplementary information in Figs.

S1 and S2.

The specific capacitance was calculated from the CV curves according to the Eq. 4

[S4-56].

~ Jldv
T AV.s.m

Csp 4)

where Cg, is the specific capagitance (F g™), Idv is the integrated area under the CV curve, m
is the mass of active'material deposited on the electrode surface (mg), AV is the difference in
potential (V), and s’is the potential scan rate (mV s1). The specific capacitance of PANI,
binary composite (CPs), ternary composite (CG;P) were respectively found to be 495, 939,
and 1519 F g'. Among the three components studied here, the CG3;P demonstrated an
excellent electrochemical performance and is mainly due to high electrical conductivity, well-
designed nanostructure and their synergistic effects. Firstly, the addition of graphene can
greatly improve the electrical conductivity. Secondly, the presence of PANI can remarkably

increase the pseudo-capacitance contribution to the overall capacitance. Lastly, the presence
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of highly polarizable substituents of chitosan, such as amino (-NH;) and hydroxyl (-OH)
groups greatly reduces, the ionic transfer resistance at the electrode—electrolyte interface and
improve EDLC high-rate performance [57]. In addition, Chitosan prevents the aggregation of
graphene nanosheets and provides the high specific capacitance. Similar conclusions were
made by Lu et al. [S8] and Pandiselvi et al. [34] The cyclic voltammograms of CGs;P
demonstrates the combination of both redox capacitance and EDLC. Furthérmore, the
incorporation of RGO in the composite offers high conductive path and also serves as a high
surface area support material for the polymerization of PANI, thereby facilitates the rapid
transport of electrolyte ions in the electrode during rapid charge/discharge processes. All
these are responsible for the overall improvement of electrochemical properties of CG3P

ternary nanocomposite.

Fig. 7. Variation of the specific capacitance of RANI, €P5 and CG;P at different scan rates of
5-120 mV s (a); Nyquist plots of PANLCPs,and CG;P (b); Variation of the specific

capacitance at different concentration of PANT (¢), mass% of RGO (d).

Figure 7a depicts the relation between specific capacitance and the scan rates of pure
PANI, CPs and CG;P. The specific capacitance of CG3;P composite is much higher than those
of pure PANI and bifary CPs composite. The maximum specific capacitance of 1519 F g is
obtained at a scanyrate of 5 mV s for CG3P, as compared to 939 and 495 F g™ for CPs and
PANI, respectively. Even at 120 mV s”', the CG3P exhibited higher specific capacitance of
465 F g™y while CPs and PANI respectively showed only 247 and 148 F g''. The variation in
the specific capacitance of series of binay CP and ternary CGP composites is shown in Fig. 7
(c,d). The specific capacitance achieved for CG3;P composite is much higher than those
reported for chitosan and PANI based composites. For instance, Pandiselvi et al. [34]
developed CS-ZnO-PANI composite and obtained a maximum specific capacitance of (587 F

g'). Hassan et al. [32] obtained the highest specific capacitance of 424 F g”' for MnO,-
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chitosan hybrid nanocomposite film. Dorrajji et al. [33] reported maximum capacitance of
14.48 F cm™ for polyaniline-MWCNT nanocomposite synthesized on the surface of chitosan
wet-spun fibers. Similarly, the CS—SnO,—PANI modified electrode exhibited the specific

capacitance of about 179.20 F g in 1 M H,SOy solution at 10 mV s [37].

Electrochemical impedance spectroscopy (EIS) is another technique, which is
complementary to galvanostatic measurement, and provides more informationyon the
electrochemical behaviour of the system, and thus one can obtain an‘equivalent series
resistance (ESR). Accordingly, EIS measurements were carried out with a frequency range of
0.1 Hz-30 kHz at fixed amplitude of 10 mV. The EIS data were analyzed by plotting the real
(Z") and imaginary (Z") parts of the impedance data of PANIL, CPs and CG3;P composite
electrodes as shown in Fig. 7b. These plots are usually.called’cole-cole or Nyquist plots. In
all the curves, the lower left portion of the curves corresponds to the higher frequencies.
Thus, higher the vertical curve better is the closeness towards ideal capacitor of the electrode
[S9]. The ESR of the electrode can be drawn from the X-intercept of the Nyquist plot. All the
materials developed here have shown comparable low ESR of about 2-4 Q. No samples
exhibit semicircles in the high-frequency region. This is because of low Faradaic resistance of
the electrode material. Among the samples, CG3;P has shown more vertical line towards
imaginary axis,-and thereby suggests a better capacitive nature. This is mainly attributed to
the incorporation of ‘conductive graphene into chitosan-polyaniline template. The presence of
inclined line at low frequency could be attributed to the diffusion limitation of ions (SO4™) in
the active materials (PANI) which is often referred as Warburg impedance [33]. From the
plots, it is observed that the difference in slope at low frequency is attributed to the
incorporation of conductive graphene in the formation of composite with high porosity. This
is more predominant in case of CG3P as expected. This is very well supported by the SEM

images as shown in Fig. 5 (g,h).
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Fig. 8. Galvanostatic charge-discharge curves of the CGs;P, CPs and PANI composite

electrodes.

The galvanostatic charge-discharge (GCD) study was carried out using
electrochemical works station (CH Instruments Inc., CHI 608E, USA) over a potential range
of -1 to +1 V and the current density was fixed at 0.1 A g'. The galvanostatic charge—
discharge is a consistent method to determine the electrochemical performance of materials.
The charge-discharge behaviour of PANI, CPs and CG3;P composite matérialsiis shown in
Fig. 8. The GCD curves are not symmetrical and shown a deviation from the.triangular shape,
suggesting that the developed electrode exhibited the redox behaviour. This might be due to a
pseudocapacitance contributed from the Faradaic reaction of.polyaniline. When the potential
was reversed, the total impedance of the cell gave risesto an-initial IR drop (potential drop)
during the discharge process. The potential drop. for the CG3;P composite electrode is smaller
as compared to the CPs_and PANI electrode. This, result suggests that the internal resistance
of the CG3P composite is smaller than the CPs and PANI The specific capacitance was
estimated using the Eq. (5):

2 1At
S\ mAV

()

where C; 1§ specific capacitance, ‘I’ is the discharge current, ‘At’, the discharge time,
‘m’ is the mass of the active material, and ‘AV’ is the potential window. According to the
above equation, the specific capacitance of CG3P electrode (1326.82 F g') is more than that
of CP5.(591.37 F g ') and PANI (295.48 F g!). The results infer that the CGsP
nanocomposite exhibits a good capacitive behaviour under same current density, which is in
good agreement with the result obtained from CV curves.

Table 2 Comparison of specific capacitance of the developed composite electrode materials

with the reported PANI based composite materials.

17



The specific capacitance of PANI and its composites measured at a fixed current
density of 0.1 A g™ using two/three clectrode system in different electrolytes are summarized
in Table 2. It is observed that specific capacitances of pure PANI and ternary composite
CG;P were found to be 296 and 1327 F g'l.

Among the composite materials reported previously, the ternary composite material
KSC/CNT/PANI and binary composite material M-GR/PANI demonstrated anexcellent
specific capacitance of 1090 and 1118 F g™, respectively. These specific capacitance values
are much lower than the ternary composite material (CG3P) developed in the present study.
This clearly signifies that the ternary composite material (CG3;P) developed by judiciously
varying the amount of chitosan, PANI and RGO yielded<the highest specific capacitance
among the PANI based composites reported [60-69].

Fig. 9. Cycle life stability of PANI, CPs and CGsP at fixed scan rate of 50 mV s

The cycle-life test of the pure PANL,CPs and CG;P electrodes was performed for
1000 cycles at a scan rate of 50 mV s “From the Fig. 9, it is observed that the specific
capacitance of CG3sP decreases from 635 to 579 F g in the initial 400 cycles and this
corresponds to 91% of its initial value, then levels off gradually in the following cycles, and
finally 88 % of specific ¢apacitance is retained after 1000 cycles. It is inferred that the partial
structural damage ordetachment of PANI nanofibers occurs over the initial 400 cycles and
leads to decay in specific capacitance. Subsequently, the structure tends to be stable, resulting
in an approximately stable capacitance in the following cycles. On the contrary, the CPs
nanocomposite has retained 69% of specific capacitance of its initial value. The capacitance
of pure PANI continues to decrease throughout the cycling process, the capacitance
decreased from 175 to 91 F g, which corresponds to 52% of its initial value. When we
compare the retention capacity between pure PANI and CPs, the binary CPs composite has

shown higher value (69%) than that of pure PANI (52%). This is because, during the cycle-
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life test, the doping or dedoping of H' into or from the PANI chains results in the swelling
and shrinkage of the nanostructured conducting polymer [53]. However, this was greatly
increased the cycle stability after the grafting of PANI with CS. This dramatically reduced
the swelling and shrinkage property of PANI during the doping/dedoping processes [70]. The
improved cycling stability of CG3;P composite can be attributed to the embedding of
chemically grafted graphene, the elastic graphene with rich wrinkles can aet as elastic
network alleviating the irreversible structural damages of PANI or falling off from electrode,

thus maintains a high cycling stability.
4. Conclusion

In summary, a series of composites of CP; to CP7and*CGyP to CGsP were developed
by in-situ polymerization of aniline. The molar ratio of\aniline and mass ratio of graphene
were tuned in order to achieve high electrical conductivity. Among the series of composites,
CPs and CG3P demonstrated an excellent electrical conductivity of 4.165x107" and 2.9745 S
cm’', respectively. This is due to_an éstablishment of conductive network from the
polyaniline and reduced graphene oxide. From the thermal study, it is revealed that the
composites are stable up4o 800,°C. The developed composites particularly CPs and CG3P
demonstrated an exeellent electrochemical performance with maximum specific capacitance
of 939 and 1519 E.g ' respectively. In addition, CG3P and CPs respectively exhibited 88 and
69% retention, of initial capacitance over 1000 cycles. The enhanced cycle-life performance
of CG;Py composite is mainly attributed to synergistic effect occurred between three
individual components. Meanwhile, the electrodes made of CPs and CG;P exhibited excellent
specific capacitance among the composites developed. Thus, these two electrodes could be
used to develop high performance, environmentally friendly and low cost electric energy

storage devices.
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Abbreviations

CGP Chitosan-graphene-polyaniline
FT-IR Fourier transform infrared spectroscopy
XRD X-Ray diffraction

TGA Thermogravimetric analysis

Cv Cyclic voltammetry

EDLC Electrical double-layer capacitors
CP Conductive polymers

ESR Equivalent series resistance
PTFE Polytetrafluoroethylene

RGO Reduced graphene oxide

PANI Polyaniline

MWCNT  Multiwalled carbon nanotube

\% Potential window

S Potential scan rate

W Thickness of the sample
S Probe spacing

o Electrical conductivity
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Fig. 9. Cycling life stability of PANI, CPs and CG;P at fixed scan rate of 50 mV s
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Table 1 Electrical conductivity of samples CP; to CP7, CG,P to CGsP, pure PANI and RGO.

Sample Electrical Sample Electrical conductivity

conductivity (S cm™) (S em™)

CP, 3.455%10™ CG,P 6.343%10"

CP, 6.241x107 CG,P 1.10388

CP, 8.096x107 CG;P 2.9745

CP, 2.214%10™ CG4P 8.125x10

CPs 4.165%10! CGsP 2.002x107

CPs 1.379%107 RGO 2.094

CP, 1.271%x107 PANI 1.7342

Table 2 Comparison of specific capacitance of the developed composite electrode materials

with the reported PANI based composite materials.

Materials Electrolyte System Specific Reference
capacitance
(Fgh
CGsP 1 M H,SO;  Three-electrode 1326.82 Present
work
PANI 1 M H,SO4  Three=electrode 295.48 Present
work
GN/PANI/CNT 1 M HCI1 Three-clectrode 569 60
R(GO/PANI)-3 0.2 M HCI . Three-electrode 764 61
NE-CNWs-700 6 M KOH Three-electrode 327 62
KSC/NCNT/PANI 2 M.H,SO4  Three-electrode 1090 63
Graphene/PANI I M H,SO4  Three-electrode 257 64
PANI-F/LMC 6:M KOH Three-electrode 473 65
PANI-F 6 M KOH Three-electrode 21 65
NGNP 1L.M KOH Two-electrode 667 66
PANI co-doped 1.0 M H,SO,  Three-electrode 369 67
Zn*" and'H.
Polyaniline/Cobalt 1 M KOH Three-electrode 768 68
ferrit¢/graphene

PANI 1 M KOH Two-clectrode 24.6 68
M-GR/PANI 1.0 M H,SO4  Three-clectrode 1118 69

GN/PANJCNT-graphene/polyaniline/carbon

nanotubes;

GO/PANI-graphene

oxide/polyaniline; NE-CNWs-nitrogen-enriched carbon nanowires; KSC/NCNTs/PANI-
kenaf stem-derived porous carbon/nitrogen-doped carbon nanotubes/polyaniline; PANI-
F/LMC-polyaniline  nanofiber/large = mesoporous  carbon; = NGNP-nitrogen-doped
graphene/nickel ferrite/polyaniline; M-GR-multi-walled carbon nanotube (MWNT) bonded
graphene.
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