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A B S T R A C T   

This study demonstrates the dispersion of MnO2 nanoparticles in Polyindole (PIn) to optimize the super
capacitive properties of MnO2-PIn composites. As expected, the supercapacitive properties of MnO2-PIn com
posites influenced by the addition of MnO2 nanoparticles and it is optimized for 1 wt.% of MnO2 concentration. 
The 1 Wt.% MnO2 loaded PIn composite shows specific capacitance of the order 1558 Fg− 1 at a scan rate of 50 
mVs− 1. The main accomplishment of present work is that the 1 Wt.% MnO2 loaded PIn composite shows long- 
term stability that is capacitance retention up to 6000 cycles. Galvanostatic charge/discharge curves of 1 Wt.% 
MnO2 loaded PIn composite shows long nearly symmetric behavior which is suitable for range of practical 
applications.   

Introduction 

Globally, we are facing a huge problem about energy shortage due to 
rapid development of economy and increasing depletion of fossil fuels 
[1]. Hence, there is a crucial need for development new energy sources. 
Now a days, supercapacitors as high-performance energy storage de
vices offer a great promise in the field of energy storing technology 
because of its remarkable properties that is high charging and dis
charging rates, excellent power density, good stability and excellent 
long-term cyclability [2–4]. Nevertheless, to meet the requirement of 
budding applications like electric vehicles, energy density of super
capacitor still need some improvement. Increasing the window working 
potential, which primarily related with the employed electrolyte is a 
cogent way to increase energy density of supercapacitor as energy 
density of it is proportional to the square of operating potential window 
and specific capacitance. In supercapacitors, active materials play a vital 
role in an electrochemical performance [5]. Recently, more devotion has 
been given on the growth of electrode materials of supercapacitor and it 
is a crucial component which determines the performance of super
capacitor. The carbon materials, metal oxides and conducting polymers 
have been most commonly used for the growth of electrode as they 
exhibit such supercapacitor behavior [6–7]. 

Among these metal oxide MnO2, is considered to be the most 

auspicious one because of its characteristics like higher specific capac
itance, environmentally friendly, natural abundance and economical 
[8–9]. Despite of this, it has some drawbacks like poor ionic and elec
tronic conductivity, less specific surface area and partial dissolution in 
the electrolyte during cycling which limiting the practical applications 
of MnO2 in supercapacitors [10]. Hence for researcher it is a significant 
task to overcome these disadvantages of MnO2. Dai et al reported 
nanobelt-structured MnO2 films which were prepared by the electro
chemical deposition method under various deposition time to explore 
the effects of electrodeposition time change on the microstructure and 
electrochemical properties of this material. Result show that the opti
mum sample deposited for 50 s has a specific capacitance of 291.9 F g− 1 

at the current density of 1 A g− 1 [11]. In addition, Zhanga et al reported 
the structure and electrochemical performance of MnO2 and MnO2/re
duced graphene oxide electrode materials which shows the capacitance 
of 467 F g− 1 [12]. 

Conducting polymers are fascinating materials for fundamental and 
applied researches due to their 1D intrinsic properties and remarkable 
applications such as field effect transistor (FET), displays, rechargeable 
batteries, etc. [13]. Among various conducting polymers, comparatively 
polyindole has been less studied as it has low polymerization efficiency. 
Recently polyindol (PIn) has received enormous attention because of its 
good environmental stability and electrical conductivity [14]. As it is 
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well known that Polyindole has benzine and pyrrrol ring, also these 
polymers have good thermal stability, low degradation rate and high 
storage capacity [15]. Due good electrocatalytic activity of Polyindole it 
has been reported in mediated based biofuel cell [14]. Polymer-metal 
oxide nanocomposite synthesis is incipient research as it has a remark
able technological applications like rechargeable batteries, fuel cells, 
and super capacitors [16]. Polyindole and its derivatives attract the 
researcher to take curiosity in the field of nanocomposites due to 
interesting properties. Nanoparticles of metal oxide such as copper and 
silver when doped in polyindole shows good antibacterial activity [17]. 

In the light of above discussion, we planned to investigate the 
supercapacitive properties of MnO2-PIn composites. In this work, we 
studied the supercapacitive properties such, cyclic voltammetry (CV) 
curve, cycle stability performance and galvanostatic charge/discharge 
curves of composite materials. The main accomplishment of present 
work is that we achieved considerable values of specific capacitance, 
cycle stability and charging/discharging time. 

Experimental 

Materials 

Indole, manganese dioxide, ferric chloride and ethanol (AR grade, 
99% purity, SD Fine) were procured from local chemical supplier. 
Throughout the synthesis double distilled (DD) water was used to pre
pare the solution. 

Synthesis of polyindole (PIn) 

Oxidative polymerization method was preferred for the synthesis of 
polyindole (PIn) from indole in which ferric chloride used as oxidizing 
agent in aqueous medium. The aqueous solution (1M) was taken in a 
beaker and kept for continuously stirred on magnetic stirrer at normal 
temperature for 45 min. The ferric chloride solution (1M) was added 
dropwise manner to indole solution and stirred for 180 min. and then 
kept this mixture for overnight. The mixture was turn into dark brown 
which confirms formation of PIn. This mixture was filtered and to 
remove the impurities, precipitate was repeatedly washed with double 
distilled water. The obtained PIn was dried out at 60◦C for 4 h and by 
using mortar and pestle the product was crushed. 

Synthesis of MnO2 nanoparticle 

The nanoparticle of MnO2 was prepared by sonication. A horn type 
20 kHz Sonics sonifier with a tip diameter of 13 mm was used. Typically, 
5 gm of MnO2 was dissolved in 100 ml of double distilled water and kept 
for continuous stirring for 20 min. and then this mixture was ultra
sonicated for 30 min. a brown color precipitate was formed. This pre
cipitate was filtered, washed in double distilled water and then wash by 
ethanol and dried out in an air oven at 100◦ C for 4 h. 

Synthesis of PIn/MnO2 composites and characterizations 

PIn doped with MnO2 nanoparticles was synthesized by using an 
ethanolic solution of PIn and MnO2 by varying concentration of MnO2 
with fixed PIn using Ex-situ technique in wt.% stichometry with the 
interval of 0.25 wt.% [18]. The composites preparation range was fixed 
from 0.25 to 1 wt.%. The as such prepared composites were nomen
clature as 0.25 wt.% MnO2 as (PM1), 0.5 wt.% MnO2 as (PM2), 0.75 wt. 
% MnO2 as (PM3) and 1 wt.% MnO2 as (PM4). This prepared samples 
were used for further study of supercapacitor and ultraviolet–visible 
spectro-photometer. 

By using Bruker D8 advance with Cu Kα radiation the phase purity 
and structure of as prepared samples were confirmed in which the 
pattern recorded with step height of 0.02◦ with scan rate 6.00 in the 
range 10◦− 80◦. Morphologies of all samples were studied by using 

JEOL-6390LV scanning electron microscope. Ultraviolet-visible spectro- 
photometer was used to record the complex optical properties of all 
prepared samples, from which the values of optical band gap was 
calculated. The FTIR was taken in the KBr medium at room temperature 
in the region 4000− 500 cm− 1 at scan rate 16. Supercapacitor property 
measurements such as cyclic voltammetry (CV) curve, cycle stability 
performance and galvanostatic charge/discharge curves were carried 
out using three-electrode cell systems (CHI 660 D, CH Instruments). The 
composites systems under study were used as the working electrode, 
platinum wire as counter electrode and Ag/AgCl as the reference 
electrode. 

Results and discussion 

XRD analysis 

XRD patterns of MnO2 nanoparticles, Pure PIn and PIn/MnO2 com
posites were recorded at normal temperature in two theta range 
10◦–80◦. Fig. 1 depicts the diffractogram of MnO2 nanoparticles (Fig. 1 
a), Pure PIn (Fig. 1 b) and PIn/MnO2 composites (Fig. 1 c, d, e and f). All 
diffraction peaks of undoped MnO2 nanoparticles corresponded well to 
tetragonal crystal symmetry of MnO2 (ICDD: 44–0141). Diffraction 
peaks observed at 28.81◦, 37.45◦, 42.95◦, 56.73◦, 65.36◦ and 72.70◦ and 
these values corresponds to (310), (211), (301), (600), (002) and (312) 
planes [19–20]. The mean crystallite size of MnO2 was found to be 23.45 
nm calculated by using Debye-scherrer formula: 

D =
kλ

βcosθ  

where k is Scherrer constant, λ is wavelength of X-ray, β is full width half 
maxima and θ is the Bragg’s angle. 

In Fig. 1(b), the broad peak appears in between 15◦ to 30◦ is the 
characteristic peak of the amorphous PIn, indicating the presence of PIn 
[21]. No evident peaks for MnO2 were observed in XRD patterns of 
MnO2/PIn composite. This could be a part of distortion in crystal 
structure of MnO2 and also may be that MnO2 particles were covered by 

Fig. 1. XRD pattern of (a) MnO2 nanoparticle material, (b) Pure PIn, (c) PM1, 
(d) PM2, (e) PM3 and (f) PM4 composites. 
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PIn. 

SEM and EDAX study 

The SEM proposed an external morphology of prepared samples. 

Fig. 2 shows the SEM and EDAX image of PM4 composite. SEM shows 
that composites have an irregular shape particle [22]. The EDAX spec
trum of PM4 composite gives the confirmation about the presence of 
Manganese (Mn) and oxygen (O). Also, some impurities found during 
the preparation of composites which was removed by annealing process. 

Fig. 2. SEM and EDAX image of PM4 composite.  

Fig. 3. FTIR spectra of (a) PM1, (b) PM2, (c) PM3 and (d) PM4 composites.  
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The peak due to oxygen in EDAX confirms the oxygen storage capacity of 
prepared composites. As EDAX shows the existence of small amount of 
Mn and due to this reason MnO2 was not detected by XRD. 

FTIR study 

Fig. 3 depict the FTIR spectrum of PIn/MnO2 for all composites. A 
small peak at 530 cm− 1 was assigned with Mn–O stretching [23]. Also, 
the peak at 600 cm− 1 indicates the characteristic stretching collision of 
O–Mn–O, which confirmed the existence of the MnO2 in the sample 
[24–25]. A strong peak observed at 742 and 1467 cm− 1 are corre
sponding to the benzene ring, which indicates that the benzene ring did 
not involve in the polymerization [26–27]. The peak located at 1100 
cm− 1 is induced by different stretching frequencies of aromatic ring in 
the polymer chain, which corresponds to the stretching mode of C=N 
bond [28]. The peaks observed at 1336 and 1010 cm− 1 shows the 
stretching mode of pyrrole ring and vibration mode of C–N bond [27]. 
The peak near 1236 cm− 1 shows the surface OH groups of Mn–OH [24]. 
The peak 1559 cm− 1 together with 3436 cm− 1 can be ascribed to N–H 
bond stretching and deformation vibrations shows that nitrogen species 
are not the polymerization sites, hence the possibility of polymerization 
is through 2 and 3 position of indole monomer [29–30]. The peaks 
appear at 1630 cm− 1 can be attributed C=O stretching vibrations [31]. 

Optical properties 

The optical band gap gives idea about the energy to excite the 
electrons from outermost band to conduction band. The optical band 

gap of all PIn/MnO2 composite was calculated from UV–visible spec
troscopy ranging from 200 to 800 nm are shown in Fig. 4 (a, b, c and d). 
The Tauc plots were drawn to calculate band gap from following relation 
[32]: 

αhϑ = A
(
hϑ − Eg

)m  

where A is an energy dependent constant, Eg is optical band gap of 
material, m is constant that depends on the semiconducting materials, 
which can be expected to have values of 1/2, 3/2, 2 and 3 depending on 
the nature of the electronic transition responsible for absorption; 1/2 for 
allowed direct transitions, 3/2 for direct forbidden transitions, 2 for 
allowed indirect transitions and 3 for indirect forbidden transitions [33]. 
Bandgap value of all samples was estimated by drawing (αhυ)2 on y-axis 
and (hυ) on x-axis. hυ was calculated simply using the relation; 

hϑ =
1240
λ(nm)

eV 

The band gap was found out by extra plotting the straight line of 
graph. The point where extra plotting intersects the hυ axis (x-axis) gives 
band gap value. The highest band gap value was observed to be 4.50 eV 
for PM4 composite where as lowest band gap value was observed to be 
4.33 eV for PM1 composite. The highest band gap was probably due to 
quantum confinement [34–35]. 

Supercapacitive study 

Electrochemical energy storage capacitance of PM1, PM2, PM3 and 
PM4 composite as electrode of electrochemical capacitor was evaluated 

Fig. 4. Tauc plots of (a) PM1, (b) PM2, (c) PM3 and (d) PM4 composites.  
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from cyclic voltametric (CV) curves. Fig. 5 (a) illustrates the cyclic 
voltametric (CV) curves of PM1, PM2, PM3 and PM4 composite recorded 
at a scan rate of 50 mVs− 1 in potential range of 0 to 0.8 V, which shows 
quasi-rectangular graphs indicating a pseudo-capacitive behavior and 
reversible doping/dedoping reactions [36]. The CV plots clearly shows 
the doping of MnO2 nanoparticles in PIn influence supercapacitive 
properties composite. The superior supercapacitive properties of 
PIn/MnO2 composite can be attributed to oxidation/reduction of surface 
hydroxyl groups [37]. The curve shape of PIn/MnO2 composites are 
more rectangular, which shows a good capacitive behavior. Specific 
capacitance has been estimated using the relation [38]: 

Cs =
I

m × v
(
Fg− 1)

where I is the average current during anodic and cathodic scan (A), m is 
the mass of the electrode (g) and v is the scan rate (V). In our case, the 
highest value of specific capacitance was found to be 1558 Fg− 1 at a scan 
rate of 50 mVs− 1 for PM4 composite which may be due to the porous 
structure of PIn/MnO2 composites enhances specific capacitance. 

Fig. 5(b) shows the PM4 composite exhibits considerable long-term 
stability that is capacitance retention up to 6000 cycles. The decent 
capacitance capability of PM4 composite is recognized to boosted 
electrical conductivity and vastly stable surface redox reaction and it is 
more suitable for electrode applications. 

Fig. 5(c) shows the galvanostatic charge/discharge (GCD) curves of 
PM4 composite at current density 10 μAcm− 2 within potential window 
0 to 0.8 V. GCD curves of PM4 composite is nearly symmetric and 

considerably lengthy for practical application. The characteristic pseu
docapacitive performance was indicated by nonlinear GCD curves, 
which may be due to the reversible redox reaction with insignificant loss 
of voltage and it suggest that electrolyte has excellent electrical con
ductivity between the current collector and active materials. 

Conclusions 

In summary, we have successfully demonstrated and concludes that 
concentration of MnO2 nanoparticles in PIn composite have significant 
influence. The PM4 composite have specific capacitance of the order 
1558 Fg− 1 at a scan rate of 50 mVs− 1 and also shows long-term stability 
that is capacitance retention up to 6000 cycles. The galvanostatic 
charge/discharge curves depicts that PM4 composite also have long and 
nearly symmetric behavior which is suitable for range of practical ap
plications. The obtained results in this work attributed to the porous 
structure of PIn/MnO2 composites. 

Compliance with ethical standards 

The submitted work is original and not submitted/published else
where in any form or in any other language. 

Research data policy and data availability statements 

The raw/processed data required to reproduce these findings cannot 
be shared at this time as the data also forms part of an ongoing study. 

Fig. 5. (a) CV curves of PM1, PM2, PM3 and PM4 composites recorded at a scan rate of 50 mVs− 1, (b) Cycle performance of the PM4 composite 6000 cycles and (c) 
Galvanostatic charge/discharge curves of the PM4 composite recorded at a current density of 10 μAcm− 2. 
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