
CHAPTER 4  

Electrochemical investigations on polymer based ternary nanocomposites, exfoliated 

MAX phase (Ti3AlC2) and lithium iron phosphate 90 

Electrochemical study on ion beam modified ternary composite 

of molybdenum disulfide, reduced graphene oxide and 

polypyrrole nanotubes 

 

4.1 Introduction 

In Chapter 2 and 3, the electrochemical properties of ternary nanocomposites prepared 

from MoS2-rGO structures and conducting polymers (PEDOT and PPy) for 

supercapacitor applications were discussed. It is noticed that PPy based ternary 

system delivers high specific capacitance but the cycle life is found to be low. There 

are examples where electrochemical properties of supercapacitor electrodes can be 

improved by modifying the surface chemistry of the electrode by different surface 

modification techniques such as plasma irradiation, low energy ion irradiation and 

swift heavy ion irradiation [1-9]. Therefore, this chapter aims to improve the life span 

of the PPy based ternary system by modifying the surface of the electrode.  

           Among the various surface modification techniques, swift heavy ion (SHI) 

irradiation is a controlled surface tool that significantly tunes various properties of 

electrode material at electronic and molecular level [1]. As discussed in the 1st 

chapter, the parameters of SHI irradiation which take part in tuning the surface of an 

electrode are: (i) ion fluence, (ii) ion energy and (iii) ion species [2]. SHI irradiation 

modifies the surface of electrodes by transferring energy from the imparting ions to 

the target material in the form of energy loss 
𝑑𝐸

𝑑𝑥
 (eV/Å), defines as energy deposition 

per unit length of the ion tracks. For SHI irradiation, inelastic collision is the 

dominant mechanism for energy transfer through ionization and excitation of the 

surrounding electrons. Conducting polymers are irradiation sensitive and many of the 

physio-chemical properties can be altered with this modification technique [3, 4]. 

MoS2 and reduced graphene oxide (rGO) are also sensitive to SHI irradiation. Hannu-

Pekka et al. [5] investigated the atomic structure of 2D MoS2 sheet under electron 

irradiation. It was shown that prolonged electron irradiation on monolayer MoS2 gives 

rise to agglomeration of sulphur vacancies. Similarly, SHI irradiation creates different 

types of defects in graphene such as adatom-vacancy pairs, stone-wales defects and 

di-vacancies [6]. The electrical properties of graphene can also be tuned by SHI 



CHAPTER 4 

 

Electrochemical investigations on polymer based ternary nanocomposites, exfoliated 

MAX phase (Ti3AlC2) and lithium iron phosphate 91 

irradiation since mobility of the electrons and holes increase in the graphene sheets 

after SHI irradiation [7]. 

           SHI irradiation is an efficient technique for modifying the conducting polymers 

in a controlled manner for supercapacitor application. The cycling stabilities of 

electrochemically deposited polypyrrole (66% to 94%) and polyaniline (81% to 

94.6%) have been reported to be enhanced after 160 MeV Ni12+ SHI irradiation [3, 4]. 

SHI irradiation introduces cluster and columnar defect regions in the molecular 

structure of the conducting polymers and reduces the inter-chain electron hopping by 

cross-linking in the polymer chain giving rise to the increase in conductivity of the 

polymers [3]. The crystallinity of polypyrrole film increases upon 100 MeV SHI O7+ 

ion irradiation [8]. The SHI irradiation for supercapacitor application has been 

reported for bulk polymers [4] and for the binary nanocomposite of rGO and 

conducting polymer [9]. The 85 MeV C6+ SHI irradiated rGO and polypyrrole 

nanocomposite electrodes have shown enhanced capacitive behaviour with 346 Fg-1 

of specific capacitance and cycling stability of 89% after 1000 cycles [9]. The 

comparative list of capacitive response and cycling stability of pristine and irradiated 

systems for supercapacitors is displayed in table 4.1.  

 

Table 4.1: Comparison of specific capacitance and cycling stability of different 

electrode materials for supercapacitor:  

Sl. 

No 

Electrode 

material 

Electrolyte Modification 

technique 

Specific 

capacitance 

Cycling 

stability 

Ref. 

1 Few layer 

MoS2 

TEABF4 None 14.75 Fg-1 91% after  

5000 cycles 

[10] 

2 MoS2-

Graphene 

1M Na2SO4 None 11 mFcm-2 39% after  

1000 cycles 

[11] 

4 MoS2-

Polypyrrole 

1M KCl None 553.7 Fg-1 90% of after 

500 cycles 

[12] 

5 MoS2/ 

Polyaniline 

1M H2SO4 None 575 Fg-1 98% after  

500 cycles 

[13] 

6 MoS2/PAni/ 

rGO aerogel 

1M Na2SO4 None 618 Fg-1 96% after  

2000 cycles 

[14] 

7 MoS2-rGO 1M KCl None 1561 Fg-1 72% after [15] 
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@Polypyrrole 10000 cycles 

8 Polyaniline 1M HCl 160 MeV  

Ni12+ SHI 

 irradiation 

243.4  

Fg-1 

 

81% (pristine) 

94.6% 

(irradiated) 

after 10k cycle 

[3] 

9  

Polypyrrole 

- 160 MeV 

 Ni12+ SHI  

irradiation 

205.5  

Fg-1 

66% (pristine) 

94% 

(irradiated) 

after 10k cycle 

[4] 

10  

   rGO/ 

Polypyrrole 

1M KCl 85 MeV 

 C6+ SHI 

 irradiation 

346 Fg-1 

(irradiated) 

299 Fg-1 

(pristine) 

 

77% (pristine) 

89% 

(irradiated) 

after 1k cycles 

[9] 

11 MoS2-

rGO/PPyNTs 

1M KCl 100 MeV  

O7+ SHI  

irradiation 

1875 Fg-1 91% after 10k 

GCD cycles 

This 

work 

 

          Inspired from the above literature, this chapter discusses the SHI irradiation 

modifications on ternary MoS2-rGO/PPyNTs nanocomposites. The ternary 

nanocomposite was irradiated with 100 MeV O7+ swift heavy ions at the fluence of 

3.3x1011, 1x1012, 3.3x1012 and 1x1013 ions cm-2. The structure, morphology and 

electrochemical performance of the pristine (unirradiated) and the irradiated 

nanocomposites have been evaluated and their potential application as electrode 

material for supercapacitor is discussed in this chapter. Facilities available at Inter 

University Accelerator Centre (IUAC), New Delhi were utilized for SHI irradiation.   

 

4.2 Experimental: 

4.2.1 Materials: Molybdenum disulphide (MoS2) powder (< 2 𝜇𝑚), graphite powder 

(< 20 𝜇𝑚), Pyrrole monomer (98%) and Iron (III) Chloride (FeCl3, 97% pure) were 

purchased from Sigma-Aldrich. Methyl orange indicator (SRL), cetyltrimethyl 

ammonium bromide (CTAB, Hi-media), laboratory reagents Sulfuric acid (H2SO4) 

(avantor), phosphoric acid (H3PO4) (avantor) and potassium permanganate (Merck 
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Emplura) were also used in different steps of the synthesis process. Nafion solution 

and Indium Tin Oxide (ITO) coated glass was purchased from Alfa Aesar and 

Macwin India, respectively.  

 

4.2.2 Synthesis of MoS2-rGO/PPyNTs composite: Ternary MoS2-rGO/PPyNTs 

nanocomposites were synthesized as described in the section no. 3.2.3 of the Chapter 

no. 3.    

 

4.2.3 Swift heavy ion irradiation on MoS2-rGO/PPyNTs ternary nanocomposite: 

The ternary nanocomposite films were prepared by mixing active material with 

carbon black and nafion (binder) maintaining the mass ratio as 85:10:5 in DD water 

and ultrasonicated for 10 minutes. The obtained slurry was drop-cast in clean glass 

slide cut in 1x1 cm2 dimensions for structural and morphological characterizations. 

For electrochemical characterization, films were casted on ITO coated glass, which 

was ultrasound cleaned with both DD water and acetone. The swift heavy ion (SHI) 

irradiation was performed on 1x1 cm2 MoS2-rGO/PPyNTs ternary nanocomposites 

films at Inter University Accelerator Centre (IUAC), New Delhi, India, at material 

science beam line under high vacuum of 10-6 Torr. The nanocomposites films were 

irradiated on both glass slides and ITO with 100 MeV O7+ swift heavy ions at four 

different fluences of 3.3x1011, 1012, 3.3x1012 and 1013 ions cm-2. Ion beam was 

projected to the films at an incident angle of 90o. The ion fluences were calculated 

with beam current and irradiation time according to the following equation: 

                                  𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒(𝑇) =
𝜑×𝐴×𝑞×𝑒

𝐼
                                          [4.1] 

where φ is the fluence, A is the area exposed to ion beam, q is the charge state, e is 

electronic charge and I is current. Area of irradiation was maintained to be 1x1 cm2 

for all samples, charge state is +7, e is 1.6x10-19 C and beam current was maintained 

to be 1 pnA (particle nanoampere) in our study. The ion doses for surface 

modification have been selected within the range of 3.3x1011-1013 ions cm-2. The 

reason behind these fluences selection are: (i) no significant changes are expected in 

the structure and morphology for MoS2 and rGO below 3.3x1011 ions cm-2, and (ii) the 

conducting polymers burn beyond 1013 ions cm-2 irradiation fluence. The energy of 

the ions, electronic energy loss (Se), nuclear energy loss (Sn) and the ion projected 

range in the MoS2-rGO/PPyNTs electrodes were calculated in Stopping and Range of 
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ions in Matter (SRIM), software, 2008 and showed in table 4.2. The ion species is 

selected as 100 MeV O7+ because of its higher projected range (120.91 μm). Higher 

projectile range of the ion beam helps in uniform modification throughout the films 

with homogeneous electronic energy deposition which offers maximum utilization of 

bulk surface area of the electrode. 

 

Table 4.2: Electronic energy loss (Se), nuclear energy loss (Sn) and projected range 

for 100 MeV O7+ obtained from SRIM calculation for SHI irradiation of MoS2-

rGO/PPyNTs electrodes: 

 

4.2.4 Structural and morphological characterizations: Field emission scanning 

microscopy (FESEM) was performed with model JEOL JSM-7610F at 15 kV 

accelerating potential for morphological characterization of pristine and irradiated 

samples. X-ray diffraction (XRD) measurements were recorded for all the samples 

using a D8 X-ray diffractometer model Bruker AXS, Germany at a scan rate of 1 

o/min. The Fourier transform infrared (FTIR) spectroscopy experiments were carried 

out using a Nicolet Impact 410 spectrometer for the pristine and irradiated samples in 

the form of KBr pellets in the range of 400-4000 cm-1. Raman spectra were 

investigated with EZ Raman Enwave Optronics, USA spectrometer using a diode 

laser of excitation wavelength of 875 nm in the range of 200-3000 cm-1. Contact angle 

measurements were carried out by using Data physics GmbH contact angle 

measurement system of model OCA 15 EC, Germany using sessile drop method with 

water and diiodomethane.  

 

4.2.5 Electrochemical measurements: The electrochemical measurements were 

carried out in three electrode system (AUTOLAB 302N Modular Potentiostat 

Galvanostat, FRA32M Module/ Kanaalweg 29/G, 3526 KM Utrecht, Netherlands) at 

room temperature. 3 M KCl containing Ag/AgCl was used as reference electrode, 

platinum as counter electrode and active material loaded ITO was employed as 

Ion 

Species 

Ion energy 

(MeV) 

Electronic 

energy loss Se 

(eV/Å) 

Nuclear 

energy loss Sn 

(eV/Å) 

Projected Range 

(μm) 

O7+ 100 54.33 0.029 120.91 
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working electrode during all the electrochemical measurements. Nearly 1 mg of active 

material was cast on the ITO electrodes while preparing the working electrode. 

Electrochemical behaviour of the electrodes towards redox species were investigated 

using 10mM ferric-ferro solution in DD water containing 0.1 M KCl with cyclic 

voltammetry measurements within the potential window of -0.2 V to 0.8 V at scan 

rates in the range of 10 mVs-1 to 200 mVs-1. Cyclic voltammetry (CV), Galvanostatic 

charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS) were 

recorded to study the electrochemical performance using 1 M KCl solution as 

electrolyte for all the electrodes. CV measurements were carried out in a potential 

window of -0.3 V to 1.3 V within the capacitive potential range (CPR) at scan rates of 

10, 20, 30, 40, 50, 70 and 90 mVs-1. GCD measurements were evaluated with cut off 

potential from -0.3 V to 1.3 V at 1, 3, 5, 7, 9 and 11 Ag-1 of current densities.  EIS 

data were recorded in 1 M KCl solution in AUTO FRA modular in a frequency range 

of 20 Hz-100 KHz.  

 

4.3 Results and discussion 

4.3.1 Field Emission Scanning Electron Microscopy: Figure 4.1 depicts the 

FESEM images of pristine and irradiated ternary MoS2-rGO/PPyNTs nanocomposite 

films at different fluences of 3.3x1011, 1012, 3.3x1012 and 1013 ions cm-2. In the SEM 

image of pristine nanocomposites (Figure 4.1 a), the nanotubes have been observed 

and nanosheets are completely covered by the nanotubes. Upon increasing the 

electronic energy deposition, the surface of the electrodes is observed porous and the 

nanosheets can be seen along with the nanotubes from the irradiation fluence of 

3.3x1012 ions cm-2. The shapes of the nanotubes were not significantly affected by the 

bombardment of heavy ions at the low ion fluences. Fragmentations in the nanotubes 

were observed from the fluence of 1012 ions cm-2 (Figure 4.1 c). Interestingly, 

structural defect folding appears in the nanosheets at the irradiation fluence of 

3.3x1012 ions cm-2 (Figure 4.1 f). Extended defects in the form of latent tracks in the 

nanosheets were noticeable from FESEM images (Figure 4.1 g). The nanotubes are 

completely damaged and some microscopic cracks could be seen in the nanosheets at 

the highest fluence used in this work. Thus, significant morphological changes are not 

observed at lower fluences (˂1012 ions cm-2) but the nanotubes become unstable at the 

highest fluence of 1013 ions cm-2. The nanotubes are damaged and mingled with the 



CHAPTER 4 

 

Electrochemical investigations on polymer based ternary nanocomposites, exfoliated 

MAX phase (Ti3AlC2) and lithium iron phosphate 96 

nanosheets and cracks appeared in the nanosheets making the nanocomposite unstable 

at the fluence of 1013 ions cm-2. 

 

Figure 4.1: FESEM images of  MoS2-rGO/PPyNTs electrodes (a) pristine and 

irradiated with fluence of (b) 3.3x1011 , (c) 1012 , (d) 3.3x1012  , (e) 1013 ions cm-2  at 

magnification 25 kx and resolution 1 μm, (f) and (g) are at fluence 3.3x1012 ions cm-2  

and (h) 1x1013 ions cm-2   at 1 μm resolution and different magnifications. 

 

4.3.2 X-ray diffraction analysis: XRD spectra of bulk MoS2, exfoliated MoS2, rGO 

and PPyNTs are displayed in Figure 4.2 (i). Bulk MoS2 possesses the major 

diffraction peaks at 2𝜃 = 14.42𝑜 ,  35.84𝑜 ,  39.52𝑜 , 44.16𝑜 ,  49.86𝑜 corresponding to 

the planes of (002), (102), (103), (106) and (105) (JCPDS no. 77-1716).  Exfoliated 

MoS2 shows a small broad peak corresponding to (002) plane, suggesting successful 

exfoliation. Distinct peaks of rGO at 2𝜃 = 25𝑜𝑎𝑛𝑑 42.97𝑜 corresponding to (002) 

and (100) plane are observed after successful removal of oxygen containing groups by 

hydrothermal reduction of rGO at 200 oC without using any reducing agent. Pure 

polypyrrole nanotubes (PPyNTs) exhibit the characteristic broad amorphous humps at 

2𝜃 = 25𝑜 due to 𝜋 − 𝜋 interaction of the polymer chains. The diffraction pattern of 

MoS2-rGO/PPyNTs nanocomposite films were recorded before and after SHI 

irradiation and are displayed in Figure 4.2 (ii).  Pristine MoS2-rGO/PPyNTs film 

showed a broad hump around 2𝜃 = 15𝑜 − 37𝑜, which might be due to the 

overlapping of diffraction spectra of rGO nanosheets intercalated with MoS2 (2𝜃 =

19.71𝑜) and amorphous PPyNTs (2𝜃 = 25𝑜). Small XRD peak at 2𝜃 = 14.42𝑜 

suggests the limited restacking of MoS2 nanosheets in the pristine ternary film after 

drying the material. Upon SHI irradiation, the intensity of the diffraction peak at 2𝜃 =
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15𝑜 − 37𝑜 increases (FWHM decreases) from the fluence of 3.3x1011 ions cm-2 to 

3.3x1012 ions cm-2, indicating the enhanced crystallinity of the nanocomposites.  

 

Figure 4.2: XRD pattern of (i) bulk MoS2, exfoliated MoS2, reduced graphene oxide 

and polypyrrole nanotubes and (ii) MoS2-rGO/PPyNTs electrodes, (a) Pristine, and 

irradiated with fluence of (b) 3.3x1011, (c) 1012, (d) 3.3x1012 and (e) 1013 ions cm-2. 

 

Table 4.3: Bragg angles and percentage of crystallinity determined from XRD 

patterns of pristine and irradiated MoS2-rGO/PPyNTs electrodes at different fluence: 

Sample Fluence / ions 

cm-2 

Bragg angle (2θ) / 

degree 

Percentage of crystallinity (%) 

Pristine 23.95 19.9 

3.3x1011 24.03 20.6 

1x1012 24.09 23.3 

3.3x1012 24.34 26.1 

1x1013 23.8 18.7 

 

Percentage of crystallinity (Xc%) of the pristine and irradiated MoS2-rGO/PPyNTs 

ternary nanocomposite films are calculated by comparing the area under the selected 

XRD peak to the total area according to equation no. 4.2 [16] and are given in Table 

4.3 : 

                                                 𝑋𝑐 =
𝐴𝑐

𝐴𝑐+𝐴𝑎
× 100%                                                [4.2] 

where Ac is the area of the crystalline phase, Aa is the area of the amorphous phase 

and Ac+Aa is the total area under the XRD spectra. Crystallinity increases with the 

increasing ion dose up to the SHI fluence of 3.3x1012 ions cm-2 and decreases at the 

highest fluence of 1013 ions cm-2 employed in this work (table 4.3). Cross-linking / 
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recrystallization are the dominating processes over chain scission / bond breaking at 

high energy SHI irradiation (~100 MeV) of conducting polymers [17]. The polymer 

gets crystallized upon deposition of high energy due to stacking and ordering in the 

polypyrrole chains which may be attributed to cross-linking in the polymer chain or to 

the formation of single or multiple helices, resulting in the formation of crystalline 

regions in the irradiated films [18-20]. Hammering effects from swift heavy ions may 

cause the formation of periodic tracks and folding in the MoS2 nanosheets [21]. These 

may be the cause of increased crystallinity in the MoS2 nanosheets. At the highest 

fluence of 1013 ions cm-2, the irradiated tracks overlap massively and each ion 

produces damages at the cylindrical disorder zone, which dominates the contribution 

from the primary amorphous zone and the electronic energy deposition is high enough 

to overcome the overall crystallinity of the nanocomposite, as a result the recrystalline 

MoS2 peak disappears and overall crysallinity of the ternary nanocomposite 

decreases.  

 

4.3.3 Fourier transforms infrared spectroscopy: FTIR spectroscopy has been 

performed to understand the modifications done by O7+ swift heavy ions on various 

functional groups present in MoS2-rGO/PPyNTs nanocomposite films. FTIR spectra 

of pristine and MoS2-rGO/PPyNTs nanocomposite irradiated with different fluences, 

are displayed in Figure 4.3 (a) in the range of 4000-450 cm-1. The characteristic 

vibrational bands in ternary MoS2-rGO/PPyNTs nanocomposites appear at 3428, 

1565, 1308, 1231 and 1044 cm-1  corresponding to –OH vibrations,  aromatic –C=C 

stretching vibrations,  –CH bond vibration, C(O)–O  stretching vibrations and 

sulfoxide group vibrations, respectively [22, 23]. FTIR peaks at 2940 cm-1 and 2927 

cm-1 appear for the irradiated samples are corresponding to C-H bond vibrations, 

suggesting the cleavage of –C=H bonds, which decreases at the highest fluence. 

Intensity of the 1565 cm-1 band (–C=C) decreases with increasing fluence suggesting 

the successive bond breaking and degradation of the functional groups upon SHI 

irradiation [24]. The formation or degradation of in the functional groups after SHI 

irradiation can be understood with saturated track model according to the exponential 

relation given below [22]: 

                                             𝐼(∅) =  𝐼0 exp(−𝜎∅)                                                   [4.3] 
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where σ is the degraded (or formation) cross sectional area of the selected functional 

group, 𝐼(∅) is the intensity of peak and I0 is the normalized intensity of that peak in 

the pristine film. The slope of the plot of normalized peak intensity log
[𝐼(∅)]

𝐼0
 vs. ion 

fluence gives the cross section σ. Figure 4.3 (b) shows the plot of logarithmic areal  

 

Figure 4.3: FTIR spectra of MoS2-rGO/PPyNTs electrodes (a) pristine (i), and 

irradiated with fluence of (ii) 3.3x1011, (iii) 1012, (iv) 3.3x1012, (v) 1013 ions cm-2, (b) 

plots of areas of IR active modes of pristine and irradiated MoS2-rGO/PPyNTs 

electrodes with fluences, (c) plots of log
[𝐼(∅)]

𝐼0
 vs. fluences of the FTIR bands at 3426, 

1556, 1231 and 930 cm-1 of MoS2-rGO/PPyNTs electrodes. 

 

peak intensity vs. ion fluence. As observed from Figure 4.3 (b) different IR sensitive 

bands have different sensitivity towards SHI irradiation as the slopes of areal peak 

intensity with ion fluence plot are different for different vibrational bands. Figure 4.3 

(c) displays the log
[𝐼(∅)]

𝐼0
 vs. fluence plots for –OH, –C=C, C(O)–O and Mo=O 

corresponding to 3426, 1556, 1231 and 930 cm-1 wavenumbers. The slopes from the 

linear fit of the plot of normalized peak intensity log
[𝐼(∅)]

𝐼0
 vs. fluence have been 

calculated. The degraded (or formation) cross section are found to be 5.74x10-14 cm2, 

9.93x10-14 cm2, 3.09x10-14 cm2 and 1.8x10-14 cm2 for the vibrational bands at 3426, 
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1556, 1231 and 930 cm-1, respectively. The band corresponding to –C=C is highly 

sensitive for SHI irradiation with the highest formation or degraded cross section. The 

effective radius of formation or degraded of –C=C bond is 1.83 nm.  

 

4.3.4 Raman spectroscopy analysis: Raman spectroscopy was performed to study 

the SHI irradiation effects on molecular vibrations in MoS2-rGO/PPyNTs ternary 

nanocomposite. The Raman spectra of pristine and irradiated nanocomposites with 

O7+ SHI ions are displayed in Figure 4.4.  Figure 4.4 (i) shows the Raman spectra of 

pristine (Figure 4.4 i a) and irradiated MoS2-rGO/PPyNTs ternary nanocomposites 

with different fluences (Figure 4.4 i b-e). The characteristic E2g
1 and A1g modes of 

MoS2 are observed around 400 cm-1. The in-plane vibration of sulphur atoms towards  

 

Figure 4.4: Raman spectra of MoS2-rGO/PPyNTs ternary nanocomposites (i) pristine 

(a) and irradiated nanocomposite at fluences (b) 3.3x1011, (c) 1012, (d) 3.3x1012, (e) 

1013 ions cm-2, and (ii) LA peak corresponding to (a) bulk MoS2, (b) exfoliated MoS2, 

(c) pristine MoS2-rGO/PPyNTs, and irradiated at fluences (d) 3.3x1011, (e) 1012, (f) 

3.3x1012, (g) 1013 ions cm-2. 

 

Mo in the trilayer of MoS2 gives E2g
1 mode and the out-of-plane vibration of sulphur 

atoms, in the opposite direction gives A1g mode in the Raman spectra of MoS2 [25]. 

However, the LA peak around 235 cm-1 is the defect peak and appears due to the 

vibration of the longitudinal acoustic phonon near k point in brillouin zone of MoS2 

[26]. The appearance of sharp LA peak in Raman spectra suggests the increased 

concentration of defects with increasing SHI fluence [27]. For pure MoS2, LA peak 

doesn’t appear (Figure 4.4 ii a) due to the well arranged layered symmetric structure. 

Upon exfoliation with ultrasound, a small LA peak appears (Figure 4.4 ii b) as strain 



CHAPTER 4 

 

Electrochemical investigations on polymer based ternary nanocomposites, exfoliated 

MAX phase (Ti3AlC2) and lithium iron phosphate 101 

arises in between the layers stacked. The pristine ternary nanocomposite is also 

enriched with a concentration of defects inherently present in it, as distinct LA peak 

appears in Raman spectra (Figure 4.4 ii c). The average inter-defect distance can be 

calculated using the formulae, 𝐿𝐷 = 1/√𝜑 , where 𝜑 is the ion density striking the 

surface of the nanocomposite film given by 𝜑 = 𝐼𝑡/𝐴𝑒 here I is ion current, t is 

irradiation time, A is the exposed area and e is elementary charge [27]. The LD value 

is calculated to be 17 nm at the fluence of 3.3x1011 ions cm-1 and decreases to 3.1 nm 

at the highest fluence. The peak positions and the FWHM of the both E2g
1 and A1g 

bands are plotted and shown in Figure 4.5. Red shift is observed for both the peaks 

(E2g
1 and A1g) (Figure 4.5 a) and magnitude of which distinctly increases with 

increasing fluence. The red shift occurs as a result of bond stretching leading to the 

reduction of effective force and force constant between the atoms giving rise to 

reduction in frequency [28, 29]. This shift suggests the appearance of tensile strain 

between the atoms and increase in bond length with increasing fluence [29]. 

Broadening of the peaks (Figure 4.5 b) observed for both the modes with the 

increasing fluence indicated the appearance of lattice defects [30]. Tensile strain can 

be calculated from Raman Spectroscopy using Gruneisen parameter (γ), which is a 

material dependant physical quantity related to Raman shift [29, 31] and can be 

calculated as follows: 

                                         𝜖 =  (𝜔0 − 𝜔)/2𝛾𝜔0                                                      [4.4] 

where, ω0 is the initial wave number and ω is the shifted wave number. From 

literature survey, γ is considered as 0.21 for E2g
1 mode and 0.42 for A1g mode [32]. 

Variation of strain in MoS2 with SHI fluence is plotted and depicted in Figure 4.5 c. It 

is observed that strain increases with increasing fluence and is partially relaxed at the 

highest fluence. TMDCs are enriched with various kinds of structural defects and 

could be classified depending on their dimensionality [32]. Monolayer MoS2 

inherently contain the structural defects including vacancies, anti-sites, grain 

boundaries and edges etc. Wu Zhou et al. [32] have reported six different types of 

intrinsic point defects in monolayer MoS2. Komsa et al. [5] reported that line defects 

of sulphur are created from the agglomeration of single sulphur vacancies when 

exposed to electronic irradiation. L Madauẞ et al. [33] studied the SHI irradiation 

effects of MoS2 and rGO on SiO2 substrate with 91 MeV Xe ions and reported the 

formation of nano-incisions and folding in both the materials. The induced strain by 
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SHI irradiation in MoS2 gets relaxed beyond 3.3x1012 ions cm-2 (Figure 4.5 c) due to 

multiple overlapping of ion tracks at such great energy deposition. The variation of  

 

Figure 4.5: Analysis of Raman Spectra of MoS2-rGO/PPyNTs electrodes (a) Raman 

shift in positions of E2g
1 and A1g modes of MoS2 with fluence, (b) variation of FWHM 

of E2g
1 and A1g mode of MoS2 vs. SHI irradiation fluence (c) Variation of strain of 

E2g
1 and A1g modes of MoS2 vs. fluence, (d) In-plane and (e) out-of-plane strain as a 

function of peak position vs. fluence.  

 

 

Figure 4.6: Raman spectra of (i) rGO in MoS2-rGO/PPyNTs electrodes (a) pristine 

and irradiated nanocomposite at fluences (b) 3.3x1011, (c) 1012, (d) 3.3x1012, (e) 1013 

ions cm-2, and (ii) plot of ID/IG ratio as a function of fluence. 
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strain with change in peak positions are depicted in figure 4.5 (d, e) for different SHI 

irradiation fluences for both the E2g
1 and A1g modes. The in-plane strain for E2g

1 peaks 

and out-of-plane strain for A1g peaks varies linearly with respect to peak positions. 

The linear dependency suggests that tensile strain changes along a- and c-axes [34]. 

         The Raman spectra for the pristine and irradiated MoS2-rGO/PPyNTs ternary 

nanocomposite shown in Figure 4.6 (i) also consist of characteristic Raman bands of 

rGO. In the nanocomposite, D and G bands are observed around 1331 cm-1 and 1605 

cm-1, respectively. The D band or defect band appears due to the A1g symmetry 

phonons scattering at the defect sites and G peak corresponds to vibration of E2g 

phonon in the sp2 hybridized carbon atoms [35]. The relative intensity of the D band 

with the intensity of G band depends on the concentration of defects or disorder 

present in the graphene material. The ratio of relative intensity of D band (ID) to the G 

band intensity (IG) is called the disorder parameter (ID/IG). The disorder parameters 

are different for the pristine and irradiated samples and are plotted versus SHI 

irradiation fluence (Figure 4.6 ii). ID/IG ratio is smaller for the nanocomposite 

irradiated with the fluence 3.3x1011 ions cm-2 which may be due to annealing of rGO 

upon 100 MeV swift heavy ions irradiation [36]. The disorder parameter increases 

almost linearly from the fluence 1012 ions cm-2 to 1013 ions cm-2, suggesting the 

increased concentration of defects and structural damages. In Raman spectra of rGO, 

D+D/ band (~ 2940 cm-1) is also observed from fluence of 1012 ions cm-2 to 1013 ions 

cm-2 (Figure 4.6 i). D+D/ band arises from the combined vibration of phonons, around 

K and Γ, with different momenta. Presence of defect is required for activation of this 

mode [37]. The disorder parameter first decreases upto the fluence 3.3x1011 ions cm-2 

and then starts increasing from the fluence of 1012 ionscm-2 to 1013 ionscm-2 (Figure 

4.6 ii) where the D+D/ band appears simultaneously. 

 

4.3.5 Contact angle analysis: Wettability of a supercapacitor electrode is an 

important parameter to understand the electrolyte permeability at the electrode surface 

and the electrode-electrolyte reactivity. The wettability studies were carried out with 

contact angle measurements, which were made for water (polar liquid) and 

diiodomethane (apolar liquid). The contact angle measurements for the pristine and 

irradiated MoS2-rGO/PPyNTs ternary nanocomposite electrodes at different fluences 

are displayed in Figure 4.7 (a, b). The contact angle of the pristine nanocomposite 
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electrode is 86o which increased to 97o at fluence 1010 ions cm-2. Contact angle 

decreased to 87o and 79o at fluence of 3.3x1011 and 1012 ions cm-2, respectively which 

may be attributed to the breaking of polypyrrole nanotubes that makes the 

supercapacitor electrode more porous. As rGO is hydrophobic, the angle of contact 

increases to 85o at the fluence of 3.3x1012 ions cm-2 and again decreases to 76o at the 

irradiation dose of 1013 ions cm-2, which may be ascribed to the formation of cracks in 

the nanosheets, as observed from FESEM.   

           The surface energies for pristine as well as unirradiated samples were 

calculated using Owens-Wendt-Rabel-Kaelble (OWRK) method [38] to study the 

polar and dispersive components according to the equation no (4.5):  

                        √𝛾𝑠𝑣
𝐷 +  √𝛾𝑠𝑣

𝑃
√𝛾𝑙𝑣

𝑃

√𝛾𝑙𝑣
𝑃 =

1

2
[𝛾𝑙𝑣

1+𝑐𝑜𝑠𝜃

√𝛾𝑙𝑣
𝐷

]                                                  (4.5) 

where 𝛾𝑙𝑣 is the surface free energy of the testing liquid (water or diiodomethane), θ is 

the contact angle. 𝛾𝑠𝑣
𝐷  and 𝛾𝑠𝑣

𝑃  are the dispersive and polar surface energy of the, 

respectively. The obtained values of total surface energy and its components are listed 

in Table 4.4: In 2D materials, atoms are covalently bonded and vdW force acts 

between two layers. From London dispersion theory, liquid can penetrate into the 

material either due to the interaction between permanent dipoles or through the 

formation of induced dipoles between two non polar components. Partial wetting 

transparency in graphene is observed due to surface defects or 𝜋- hydrogen bonding, 

although it consists of non-polar sp2 hybridized carbon atoms [39]. Polar components 

arise from the interaction between permanent dipole moments. The random 

fluctuation of electron density in nearby area leads to the formation and interaction 

between induced dipoles which contributes to the dispersive components of surface 

energy [40]. The other vdW materials like MoS2 and WS2 are purely non-polar in 

nature. From the table 4.4, it is observed that the dispersive component is purely 

dominating the overall surface energy. The synthesized supercapacitor electrode 

consists of rGO, MoS2 and PPyNTs, where rGO and MoS2 are non-polar. The vdW 

individuals (rGO and MoS2) offer long range london dispersive force and intrinsically 

contribute to the dispersive components in the surface energy. Moreover, SHI 

irradiation causes the random fluctuation of electron density from electronic energy 

loss. This may help in the formation of temporary dipoles in the electrode surface of 
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the irradiated electrodes in presence of electrolyte and as a result, the 

electrode/electrolyte interaction increases upon SHI irradiation.   

 

Figure 4.7: Contact angle measurements of MoS2-rGO/PPyNTs electrodes (a) 

Contact angle with polar liquid water for (i) pristine, (ii) 3.3x1011, (iii) 1012, (iv) 

3.3x1012, (v) 1013 ions cm-2 SHI fluences and (b) with apolar liquid diiodomethane for 

(i) pristine and irradiation fluence at (ii) 3.3x1011, (iii) 1012, (iv) 3.3x1012, (v) 1013 ions 

cm-2. 

 

Table 4.4: Contact angles of pristine and irradiated MoS2-rGO/PPyNTs electrodes 

with water and diiodomethane and calculated values of polar, dispersive and total 

surface energies of the electrodes: 

Irradiation  

Fluence/  

ions cm-2 

Water  

Contact 

angle  

/degree 

Diiodomethane 

Contact angle 

/degree 

Surface 

energy 

dispersive  

𝛾𝑠𝑣
𝐷  / mNm−1 

Surface 

energy  

polar  

𝛾𝑠𝑣
𝑃  / mNm−1 

Surface 

energy Total 

𝛾𝑠𝑣 / mNm−1 

Pristine 86 67 26.28 3.42 29.7 

3.3x1011 97 69 23.43 1.08 24.51 

1x1012 79 65 25.7 6.46 32.15 

3.3x1012 85 46 36.47 1.7 38.17 

1x1013 76 39 40.1 3.45 43.64 
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4.3.6 Electrochemical behaviour of the electrodes towards redox species: The 

cyclic voltammograms (CV) of the pristine (Figure 4.8 a) and irradiated electrodes 

with fluence of 3.3x1011 ions cm-2 (Figure 4.8 b), 1012 ions cm-2 (Figure 4.8 c), 

3.3x1012 ions cm-2 (Figure 4.8 d) and 1013 ions cm-2 (Figure 4.8 e) in 0.1 M KCl 

solution containing 10 mM [Fe(CN)6]
-3/-4 at scan rates of 10, 30, 50, 70, 90, 100, 125, 

150, 175 and 200 mVs-1 are displayed in Figure 4.8. A Pair of redox peaks is observed 

for all the electrodes due to the following redox reactions:  

                      𝐹𝑒2+
→ 𝐹𝑒3+

+  𝑒−                                           (Oxidation)             [4.6] 

                     𝐹𝑒3+
+  𝑒− → 𝐹𝑒2+

                                           (Reduction)             [4.7] 

The electro-catalytic behaviour was studied with the anodic peak current (Ipa) and 

cathodic peak current (Ipc) by calculating the separation between the anodic and 

cathodic peaks (ΔEp) in [Fe(CN)6]
3−/4−. The bare ITO exhibits 1.15 mA anodic 

current and 0.92 mA cathodic current with peak separation of 230 mV, while pristine 

electrode exhibits 1.8 mA anodic current and 1.46 mA cathodic current with peak  

 

Figure 4.8: Cyclic voltammograms of MoS2-rGO/PPyNTs electrodes (a) pristine and 

irradiated electrode with SHI fluence of (b) 3.3x1011, (c) 1012,  (d) 3.3x1012, (e) 1013 

ions cm-2 in presence of 0.1 M KCl containing 10 mM [Fe(CN)6]
-3/-4 at scan rates of 

10, 30, 50, 70, 90, 100, 125, 150, 175 and 200 mVs-1. 

 

potential separation of 143 mV. These results indicate that charge transfer process is 

easier for the pristine electrode as compared to the bare ITO electrode. The ΔEp value 
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decreases from 143 mV for the pristine electrode to 102 mV for the electrode 

irradiated at 3.3x1012 ions cm-2 for 10 mVs-1 scan rate. The decreasing value of ΔEp 

suggests the increasing number of electrons participating in the charge transfer 

reaction as ∝
1

∆𝐸𝑃
 . The relative variation of anodic and cathodic peak currents with 

square root of scan rate (𝜗
1

2)  is depicted in Figure 4.9 a, b. The peak currents increase 

linearly with 𝜗
1

2  suggesting that the charge transport takes place in the electrode 

through diffusion controlled process and obey the Randles-Sevcik equation shown 

below: 

                                          𝐼𝑝 = 0.446 𝑛𝐹𝐴𝐶 (
𝑛𝐹𝜗𝐷

𝑅𝑇
)

1

2
                                              [4.8] 

where n is the number of electrons taking part in the redox reaction, F is faraday 

constant, A is area of the electrode, C is concentration of the redox species, 𝜗 is scan 

rate, R is gas constant, D is diffusion co-efficient and T is the temperature in K. The 

calculated values of cathodic slope, anodic slope and the electro-active surface area 

are displayed in table 4.5 for pristine and irradiated electrodes at different fluences. 

The table shows that the electro-active surface area continuously increases from the 

pristine to the highest fluence due to surface modification upon SHI irradiation. 

Figure 4.9 (c, d) shows the variation of cathodic and anodic peak potential vs. 

logarithmic of scan rate log 𝜗 for all the electrodes. The charge transfer co-efficient 

(∝) and the heterogeneous electron transfer rates (ks) can be evaluated using laviron’s 

theory [41] according to the following equations: 

           𝐸𝑝𝑐 = 𝐸0 −  2.3𝑅𝑇
𝑙𝑜𝑔𝜗

∝𝑛𝐹
                                                                                 [4.9] 

          𝐸𝑝𝑎 = 𝐸0 +  2.3𝑅𝑇
𝑙𝑜𝑔𝜗

(1−∝)𝑛𝐹
                                                                          [4.10] 

         𝑙𝑜𝑔𝑘𝑠 = ∝ log(1−∝) + (1−∝)𝑙𝑜𝑔 ∝ − log
𝑅𝑇

𝑛𝜗𝐹
−∝

(1−∝)𝑛𝐹∆𝐸𝑝

2.3𝑅𝑇
                 [4.11] 

where, Epc is cathodic peak potentials and Epa is anodic peak potentials, ∆𝐸𝑝 is peak to  

peak separation, n is electrons number, F is Faraday constant, R is gas constant and T 

is room temperature. The calculated values of ∝ and ks are presented in the table 4.6, 

which shows that the values of transfer co-efficient and heterogeneous transfer rate 

increase up to the fluence of 3.3x1012 ions cm-2 and decrease at the highest fluence. 

The higher value of ∝ and ks at 3.3x1012 ions cm-2 fluence signifies the faster transfer 
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of electrons from the electrolyte media to the electrode and improved charge transfer 

kinetics at the electrode-electrolyte interfaces.  

 

Figure 4.9: Analysis of cyclic voltammograms in 0.1 M KCl containing 10 mM 

[Fe(CN)6]
-3/-4 solution. Variation of (a) cathodic and (b) anodic peak currents with 

square root of scan rate, 𝜗
1

2 and, (c) cathodic and (d) anodic peak potential vs. 

logarithmic of scan rate, log 𝜗 for pristine and irradiated electrodes. 

 

Table 4.5: Cathodic and anodic slopes of peak currents with square root of scan rate 

(𝜗
1

2) and calculated values of electro-active surface from Randles-Sevcik equation of 

pristine and irradiated MoS2-rGO/PPyNTs electrodes with variation of fluencies: 

Irradiation Fluence 

/ions cm-2 

Anodic Slope Cathodic Slope Electro-active surface area 

/cm2 

Pristine 0.406 0.246 1.46 

3.3x1011 0.49 0.34 1.92 

1x1012 0.512 0.404 2.1 

3.3x1012 1.55 1.379 6.8 

1x1013 2.1 1.7 7.47 
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Table 4.6: Average heterogeneous rate constant, Ks (s-1) and electron transfer 

coefficient (α) calculated from Laviron’s model: 

Irradiation  Fluence 

/ionscm-2 

Average heterogeneous rate 

Constant, Ks/ s
-1

 

Electron transfer 

Coefficient , α 

Pristine 0.47 4.98x10
-2

 

3.3x1011 0.48 5.5x10
-2

 

1x1012 0.51 5.9x10
-2

 

3.3x1012 0.64 7.9x10
-2

 

1x1013 0.49 5.1x10
-2

 

 

4.3.7 Cyclic Voltammetry (CV): Cyclic voltammograms of pristine and irradiated 

ternary MoS2-rGO/PPyNTs nanocomposites are depicted in Figure 4.10 (a-e) 

measured in 1 M KCl electrolyte at scan rates of 10, 20, 30, 40, 50, 70, 90 mVs-1 in 

CPR (-0.3 V - 1.3 V). CV curves of the pristine (Figure 4.10 a) electrodes are 

observed to possess quasi-rectangular contour at lower scan rates (˃40 mVs-1) and the 

curves become slightly deformed in shape at higher scan rates (˂50 mVs-1) [42]. The 

quasi-rectangular geometry indicates the contribution of both electric double layer 

(EDL) capacitance from rGO and MoS2 originating from the accumulation of charges 

at the electrode electrolyte interfaces and pseudocapacitance originating from the 

PPyNTs [43]. The current vs. potential response in the CV curve improves for the 

MoS2-rGO/PPyNTs electrode irradiated with a fluence of 3.3x1011 ions cm-2 (Figure 

4.10 b). The enhanced response in the CV pattern indicates the improved capacitive 

response of the supercapacitor electrode. At the fluence of 1012 ions cm-2 (Figure 4.10 

c), the area under the CV curve increases and the electrode possesses higher 

capacitive response as compared to that of the 3.3x1011 ions cm-2 irradiated electrode. 

Interestingly, highest capacitive response was observed for the MoS2-rGO/PPyNTs 

electrode modified with 3.3x1012 ions cm-2 with the highest mathematical area under 

the CV pattern. From XRD results, it is observed that PPyNTs start crystallizing from 

the lower fluence of SHI irradiation. Enhanced crystallinity in the ternary 

nanocomposite upon SHI irradiation facilitates formation of connected charge transfer 

paths in the electrode as a result of which electrolyte ions can penetrate deeper inside 

the electrode giving rise to enhanced capacitive responds. Contact angle measurement 
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results also corroborate the fact that the electrode-electrolyte interaction increases 

upon SHI irradiation. All the ternary electrodes exhibit the quasi-rectangular CV 

patterns except at the highest fluence. The CV pattern becomes almost rectangular at 

the highest fluence of 1013 ions cm-2. The current vs. potential response degrades 

(Figure 4.10 e) and the capacitive response decreases at due to the fragmentation of 

PPyNTs, resulting in degradation of the charge transfer paths at the highest fluence of 

1013 ions cm-2.  

 

Figure 4.10: Cyclic voltammograms of (a) pristine and irradiated ternary MoS2-

rGO/PPyNTs nanocomposite electrodes with fluence of (b) 3.3x1011 , (c) 1012 , (d) 

3.3x1012 and (e) 1013 ions cm-2 in 1 M KCl electrolyte at scan rates of 10, 20, 30, 40, 

50, 70 and 90 mVs-1
. 

 

4.3.8 Galvanostatic charge-discharge: The GCD measurements of the pristine and 

irradiated electrodes have been conducted at a current density of 1 Ag-1 in 1 M KCl 

electrolyte in the potential range of -0.3 V to 1.3 V (verses Ag/AgCl) in order to study 

the capacitive response and other supercapacitor parameters. The GCD curves of the 

pristine and SHI irradiated MoS2-rGO/PPyNTs electrodes at different fluence of 

3.3x1011, 1012, 3.3x1012 and 1013 ions cm-2 are shown in Figure 4.11 (i). Potential of 

the working electrode was recorded w.r.t. time against the reference electrode when a 

constant current was supplied to the counter electrode against the reference electrode.  
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The specific capacitance is calculated using the following equation, 

                                          𝐶𝑠𝑝 =
𝐼×∆𝑇𝑑

𝑚×∆𝑉
                                                                   (4.12) 

where 𝐼, ∆𝑇𝑑, 𝑚, ∆𝑉 are the constant discharge current applied, discharge duration of 

the electrode, mass loaded of the active material in the electrode and potential window 

in discharge process. The GCD curve of pristine MoS2-rGO/PPyNTs electrode  

 

Figure 4.11: Galvanostatic charge-discharge (GCD) measurements of (i) ternary 

MoS2-rGO/PPyNTs, (a) pristine and irradiated with fluences (b) 3.3x1011, (c) 1012,  

(d) 3.3x1012, (e) 1013 ions cm-2 in 1 M KCl solution in 1 Ag-1 current density; (ii) GCD 

curves of 3.3x1012 ions cm-2 irradiated electrode at current densities of 1, 3, 5, 7, 9, 11 

Ag-1 in 1 M KCl solution, (iii) rate capability of pristine and irradiated ternary MoS2-

rGO/PPyNTs electrodes and (iv) Ragone plot of pristine and irradiated ternary MoS2-

rGO/PPyNTs electrodes. 

 

shows longer discharge duration and a high value of specific capacitance. The 

charging curve of the pristine electrode shows two slopes, the first slope is linear 

suggesting the EDLC contribution and the second part deviates from linearly due to 

pseudocapacitive contribution from the PPyNTs [15]. The irradiated electrodes are 

found to possess higher discharge period with enhanced specific capacitance for 
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supercapacitor energy storage. The GCD curve of the electrode irradiated with fluence 

of 3.3x1011 and 1012 ions cm-2 is observed to be more linear in both charging and 

discharging processes. This might be due to the fact that SHI irradiation widen up the 

pores of the electrode as observed from FESEM images. Moreover, PPyNTs become 

more aligned and crystalline. Highest gravimetric discharge duration is observed for 

the electrode irradiated with 3.3x1012 ions cm-2 with enhanced specific capacitance. At 

the highest fluence, the discharge duration and the capacitive responds degradeds, as 

the PPyNTs are completely damaged at such high electronic energy deposition. The 

microscopic cracks in the nanosheets also make the ternary nanocomposites unstable. 

           Kang et al. [44] reported the morphological effects on electrochemistry for 

SnO2 electrodes of different morphology and obtained discharge capacity of 2137 

mAhg-1 for nanowires, 2304 mAhg-1 for nanotubes and 1850 mAhg-1 for nanopowder. 

The higher capacity obtained for the nanotubes was  ascribed to higher electronic 

conduction and easy charge transfer with a higher aspect ratio which provided better 

electrolyte ion transfer and large number of reaction sites. Hussain et al. [3, 4] studied 

electrochemical performances of bulk LiClO4 doped polypyrrole and HCl doped bulk 

polyaniline and obtained specific capacitance around 200 Fg-1 as well as enhanced 

cycling stability of the electrodes after SHI irradiation. Madhabi et al., [9] reported 

binary composite of rGO with polypyrrole nanotubes and obtained maximum specific 

capacitance of 288.57 Fg-1 with cycling stability of 77%, which increased to 346.28 

Fg-1 and 89%, respectively, after 85 MeV C6+ SHI irradiation with optimum fluence 

of 2.2x1012 ions cm-2. Here, MoS2-rGO/PPyNTs electrode irradiated with fluence of 

3.3x1012 ions cm-2 exhibits highest capacitive response of 1875 Fg-1 at current density 

of 1 Ag-1 with maximum enhancement of desired properties for electrochemical 

supercapacitors which is attributed to the improved crystallinity from XRD analysis, 

increased electrode-electrolyte interaction from contact angle measurements and 

enhanced electro-active surface area calculated from Randles Sevcik equation. The 

specific capacitance (Csp) calculated from GCD measurements for pristine and 

irradiated MoS2-rGO/PPyNTs electrodes are displayed in table 4.7.  

          The GCD measurements for the electrode irradiated with fluence of 3.3x1012 

ions cm-2 are performed at 1, 3, 5, 7, 9 and 11 Ag-1 current densities and are displayed 

in Figure 4.11 (ii). The electrode exhibits specific capacitance of 1875 Fg-1, 1868.5 

Fg-1, 1678.6 Fg-1, 1462.5 Fg-1, 1099.75 Fg-1 and 769.25 Fg-1 at 1, 3, 5, 7, 9 and 11  
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Ag-1 of current densities, respectively. The specific capacitance of the pristine and 

SHI irradiated MoS2-rGO/PPyNTs electrodes for different SHI fluences are calculated 

at 1, 3, 5, 7, 9 and 11 Ag-1 current densities from GCD measurements and the rate 

capability of  the electrodes  vs. current density are shown in Figure 4.11 (iii). The 

pristine electrode possesses rate capability of 93.42% (3 Ag-1), 87.57% (5 Ag-1), 72% 

(7 Ag-1), 46.3% (9 Ag-1) of the initial specific capacitance, whereas the electrode 

irradiated with SHI fluence of 3.3x1012 ions cm-2 exhibits rate capability of 99.65% (3 

Ag-1), 90% (5 Ag-1), 78% (7 Ag-1), 58.6% (9 Ag-1). The electrodes irradiated with 

fluence of 3.3x1011, 1012 and 1013 ions cm-2 show rate capability of 47%, 49% and 

46%, respectively at 9 Ag-1 of current density. The increased electrode-electrolyte 

interaction from contact angle measurements, formation of charge transfer networks 

due to the increased crystallinity and the shorter diffusion paths after SHI irradiation 

may facilitate the enhanced rate capability in the irradiated electrodes. The calculated 

values of supercapacitor parameters Coulombic efficiency (η), energy density, power 

density and rate capability for 1 Ag-1 current density are displayed in the table. 4.7.  

 

Table 4.7: Specific Capacitance (Csp), Coulombic efficiency (η), Energy density (E), 

Power density (P) and Rate capability of the pristine and irradiated electrodes 

calculated from galvanostatic charge-discharge (GCD) measurements: 

Irradiation 

Fluence 

/ ions cm-2 

Specific 

Capacitance 

Csp / Fg-1 

Coulombic 

efficiency 

η 

Energy 

density  

E / Whkg-1 

Power 

density  

P / Wkg-1 

Rate capability 

at 7 Ag-1 

current density 

Pristine 1505 99.97% 535.15 800.05 72.2% 

3.3x1011 1721 99.98% 611.96 800.06 74.5% 

1x1012 1823 99.98% 648.23 800.06 75.9% 

3.3x1012 1875 99.98% 666.72 800.06 78% 

1x1013 1268 98% 450.88 800.06 70% 

 

The Coulombic efficiency has been calculated from the following equation: 

                                         𝜂 =
∆𝑇𝑑

∆𝑇𝐶
× 100                                                               (4.13) 

where ∆𝑇𝑑 𝑎𝑛𝑑 ∆𝑇𝑐 stand for discharge and charging period, respectively. Almost 

99.9% of Coulombic efficiency (table. 4.7) is observed for all the electrodes 

suggesting an efficient charge-discharge process with almost no loss of energy during 
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the electron transfer and a good reversibility of the electrode. Main challenge for a 

supercapacitor is to enhance the energy density vis-a-vis the conventional batteries. 

Hybrid supercapacitor electrodes with both the charge storage mechanisms possess 

higher energy density than that of the electrodes having single storage mechanism. 

The Ragone plot (power density vs. energy density) for pristine and SHI irradiated 

MoS2-rGO/PPyNTs electrodes are depicted in Figure 4.11 (iv). The energy density 

and power density have been evaluated from GCD measurements at different current 

densities of 1, 3, 5, 7, 9 and 11 Ag-1 and analyzed using the equations (4.14) and 

(4.15):    

                               Energy density, 𝐸 =
1

2
𝐶𝑠𝑝(∆𝑉)2                                           (4.14) 

                              Power density, 𝑃 =
𝐸×3600

𝑇𝑑𝑖𝑠
                                                    (4.15) 

where,  𝐶𝑠𝑝, ∆𝑉 and 𝑇𝑑𝑖𝑠 are the specific capacitance, potential window during 

discharge and discharge duration, respectively. The pristine MoS2-rGO/PPyNTs 

electrode possesses power density of 800.05 Wkg-1 and energy density of 535.15 

Whkg-1 while the electrode modified with ion dose of 3.3x1012 ions cm-2 possesses 

impressive energy density of 666.72 Whkg-1 maintaining almost the same power 

density at 1 Ag-1 current density. The electrodes irradiated with SHI fluence of 

3.3x1011, 1012 and 1013 ions cm-2 exhibit energy density of 611.96 Whkg-1, 648.23 

Whkg-1, 450.88 Whkg-1, respectively and power density of 800.06 Wkg-1 for all the 

irradiated electrodes at 1 Ag-1 of current density. The ternary MoS2-rGO/PPyNTs 

electrode irradiated with SHI fluence of 3.3x1012 ions cm-2 shows power density of 

8800.78 Wkg-1 and energy density of 273.53 Whkg-1 at 11 Ag-1 of current density, 

while the pristine electrode possesses power density of 8801.56 Wkg-1 with energy 

density of 159.87 Whkg-1 at of current density of 11 Ag-1. The pristine and irradiated 

electrodes maintain almost same power density at a specific current density, whereas 

energy density varies with change in current density. Highest energy density is 

obtained for the electrode modified with fluence of 3.3x1012 ions cm-2 and exhibited 

41% of the initial energy density at 11 Ag-1 of current density as compared to the 

energy density of 29% of the pristine electrode. SHI irradiation facilities enhanced 

energy density by maintaining power density. The power density and the energy 

density at 1 Ag-1 of current density for the pristine and irradiated electrodes are 

displayed in table 4.7.  
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            Internal resistance drop (IR drop) is the parameter controlling the efficiency of 

a supercapacitor electrode, higher value of which leads to the consumption of the 

electrolyte ions due to the development of over-potential at the electrode surface. 

With irradiation, it is observed that the IR drop continuously decreases up to a fluence 

of 3.3x1012 ions cm-2 and increases at the highest fluence as the charge transfer paths 

are degraded by swift heavy ions interactions with multiple overlapping of ion tracks.  

Cycling stability study is a crucial parameter for a supercapacitor electrode to 

understand its sustainability during practical application. The materials with EDLC 

mechanism possess extremely high cycle life during charge-discharge cycles with 

minimum degradation, whereas the pseudocapacitive materials scarify cycle life at the 

cost of high specific capacitance. Cycling stability was studied with galvanostatic 

charge-discharge cycles for the pristine and irradiated electrodes up to 5,000 cycles at 

5 Ag-1 of current density and the specific capacitance with cycle numbers are 

 

Figure 4.12: Cycling stability analysis MoS2-rGO/PPyNTs electrodes. (i) Cycle 

number vs. specific capacitance of (a) pristine and irradiated with fluences (b) 

3.3x1011, (c) 1012, (d) 3.3x1012, (e) 1013 ions cm-2 in 1 M KCl solution in 5 Ag-1 

current density up to 5000 cycles and (ii) cycle number vs. capacitive retention (%) 

for 3.3x1012 ions cm-2 irradiated electrode up to 10,000 cycles at current density of 5 

Ag-1 in 1 M KCl electrolyte. 

 

displayed in the Figure 4.12 (i). The specific capacitance of the pristine electrode 

showed 24% degradation after 5,000 GCD cycles. The irradiated electrodes with 

fluences of 3.3x1011, 1012, 3.3x1012 and 1013 ionscm-2 possess cycling stability of 

84%, 90%, 94% and 80%, respectively after 5,000 cycles. In our previous study [15], 

it was observed that MoS2-rGO/PPyNTs nanocomposite showed 72% of cycling 
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stability after 10,000 cycles. The reason for lower cycling stability for the pristine 

electrode is: the pseudocapacitive material, PPyNTs undergoes volumetric swelling 

and shrinkage during GCD cycles which causes mechanical degradation in the 

electrode material. After irradiating the supercapacitor electrodes with swift heavy 

ions, the 𝜋 − 𝜋 interaction in the PPyNTs chains increases due to enhanced 

crystallinity with increasing ion fluence. The oxidation states in PPyNTs were 

stabilized through 𝜋 − 𝜋 interaction between the pyrrole groups giving rise to high 

cycling stability [45]. The cycling stability of the electrode irradiated with fluence of 

3.3x1012 ions cm-2 has been studied up to 10,000 cycles at 5 Ag-1 current density 

(Figure 4.12 ii) and 91% of cycling stability is obtained. The nanocomposite 

irradiated at the fluence of 3.3x1012 ions cm-2 is more crystalline as compared to those 

irradiated at the other fluences and pristine as well. More crystalline nature provides 

increased  𝜋 − 𝜋 interaction sites in the pyrrole chain and therefore the electrodes 

irradiated at this fluence become more stable as compared to the other electrodes.  

 

Figure 4.13: Nyquist plot of MoS2-rGO/PPyNTs electrodes (a) pristine and irradiated 

with fluence (b) 3.3x1011, (c) 1012, (d) 3.3x1012, (e) 1013 ions cm-2 in 1 M KCl 

electrolyte. Inset shows the equivalent circuit.  

 

4.3.9 Electrochemical impedance spectroscopy analysis: The pristine and irradiated 

electrodes were characterized with electrochemical impedance spectroscopy to study 

the electrode kinetics during the electron transfer processes between the electrode and 

electrolyte in a frequency range of 10 μHz-105 Hz. To understand the interfacial 

properties of the electrodes variation of both the real and imaginary parts of complex 
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impedance are plotted as a function of frequency and depicted in Figure 4.13. The 

charge transfer processes at the electrode-electrolyte interface can be explained with 

randles equivalent circuit shown in the inset of Figure 4.13. Various elements of the 

equivalent circuit are: (i) Rs - equivalent series resistance, (ii) Rct - charge transfer 

resistance, (iii) CPE - constant phase element and (iv) Zw - Warburg impedance. The 

intercept of the semicircle in the high frequency region is Rs which gives the total 

intrinsic resistance of the electrode. Diameter of the semicircle is Rct. CPE is the 

double layer capacitance (Cdl) in this case due to the presence of surface defects. If 

charge transfer is controlled by the diffusion process from the electrolyte to the 

electrode, warburg impedance appears towards the lower frequency region which is 

recognized by a linear spike inclined at an angle of 45o. The calculated values of Rs 

and Rct are presented in the table 4.8. It is observed from table 4.8 that Rs decreases 

for the irradiated electrode as compared to that of the pristine up to a fluence of 

3.3x1012 ions cm-2, which may be attributed to the enhanced crystallinity of the  

 

Table 4.8: Equivalent series resistance (Rs) and Charge transfer resistance (Rct) of 

pristine and irradiated electrodes determined from nyquist plots 

Sample fluence 

(ions cm-2) 

Equivalent series 

resistance (Rs) (Ω) 

Charge transfer 

resistance (Rct) (Ω) 

Pristine 1.8 1.75 

3.3x1011 1.3 1.4 

1x1012 1.05 0.95 

3.3x1012 0.95 0.75 

1x1013 1.85 1.6 

 

nanocomposite upon SHI irradiation. It may help in reducing the intrinsic resistance 

of the electrode as resistance of the electrochemical cell is constant. Rct also decreases 

up to the fluence of 3.3x1012 ions cm-2, since the charge transfer processes are 

efficient in the irradiated electrodes up to certain fluence as observed from the electro-

catalytic behaviour of the electrodes. Moreover, irradiation produces disorder and 

interfaces in the electrode, which results in decrease in diffusion paths [9]. At the 

highest fluence of 1013 ions cm-2 both Rs and Rct values were increased (table 4.8) 

because the electrode became unstable due to complete degradation of PPyNTs. The 
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vertical lines almost parallel to the imaginary axis are observed for all the electrodes 

towards the lower frequency region with slopes close to 1 indicating ideal capacitive 

behaviour.  

 

4.4 Conclusions 

The ternary nanocomposite films of MoS2-rGO/PPyNTs were irradiated with 100 

MeV O7+ Swift Heavy Ions (SHI) to tune the surface properties of the supercapacitor 

electrode. From morphological characterization (FESEM), it is observed that 

structural defects like folding and incision appear in the electrode at a fluence of 

3.3x1012 ions cm-2. XRD pattern reveals that the polymer’s crystallinity increases up 

to a fluence of 3.3x1012 ions cm-2 due to cross-linking in the polymer chain and 

degrades at the highest fluence of 1013 ions cm-2. MoS2 in MoS2-rGO/PPyNTs ternary 

nanocomposite also gets crystallized at the fluence of 3.3x1012 ions cm-2 due to the 

increased polymer crystallinity, hammering effects and formation of periodic tracks 

upon SHI irradiation. FTIR spectra suggest that different vibrational bands have 

different sensitivity towards SHI irradiation. The appearance of LA peak in the 

Raman spectra of exfoliated MoS2 and MoS2-rGO/PPyNTs ternary nanocomposite 

reveals the increasing concentration of defects density in MoS2. In Raman spectrum 

of MoS2-rGO/PPyNTs ternary nanocomposite, the disorder parameter corresponding 

to rGO first decreases and then continuously increases up to the highest fluence, 

indicating the increased defects or disorder in the nanocomposite. (D+D/) band also 

appears in the RAMAN spectra of the nanocomposite due to the activation of various 

defect states after SHI irradiation. CV curves indicate that the capacitive response 

increases with increasing ion fluence up to the fluence of 3.3x1012 ions cm-2 and 

decreases at the highest fluence due to the degradation of PPyNTs. The discharge 

period in the galvanostatic curve is the highest for the fluence of 3.3x1012 ions cm-2 

due to facile ion transport, enhanced electro-active surface area and improved 

electrode kinetics. The electrode irradiated at the fluence of 3.3x1012 ions cm-2 

showed 91% of cycling stability after 10,000 galvanostatic cycles (5 Ag-1) which as 

only 70% for the pristine electrode. 78% of rate capability at 7 Ag-1 of current density 

and 99.9% of Coulombic efficiency at the 3.3x1012 ions cm-2 fluence suggest a good 

rate capability and reversibility of the irradiated ternary electrode. 
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