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Abstract

In this work supercapacitive behavior of electrochemically synthesized
polyaniline/ Nano structure manganese dioxide composite (PANI/NsMnO,)
on Glassy Carbon electrode (GCE) was studied. NsMnO, was synthesized by
ultrasound method. PANI/NsMnO, was synthesized by cyclic voltammetry in
1 M H,SOy solution contained aniline monomer (0.03 M), NsMnO, (0.2% wt)
and (5 mM) sodium dodecyl sulfate (SDS). The average size of NsMnO, that
distributed unique in composite was 60 nm. Cyclic voltammetry (CV),
galvanostatic ~ charge—discharge = (CD), electrochemical = Impedance
spectroscopy (EIS) and fast Fourier transform continues cyclic voltammetry
(FFTCCV) methods were used for the study of supercapacitive properties of
composite electrode. For morphology and structural characterizations of
composite electrode scanning electron microscopic (SEM) and Fast Fourier
transform Infrared spectroscopy (FTIR) were used. Specific capacity of PANI
and PANI/NsMnO, using Cylicvoltametry were calculated 190 and 507 Fg™'
respectively. Stability of two electrodes were measured and compared with
together FFTCCV technique. Presence of NsMnO, caused increasing the
stability of electrodes from 30% for PANI to 90% for PANI/NsMnO,
electrode. Furthermore by wusing FFTCCV technique changes in
electrochemical behavior of PANI/NsMnO, composite electrode in overtime

were scrutinized.

KEYWORDS: Supercapacitor, Polyaniline, Nano structural MnO,, Fast

Fourier Transform cyclic voltammetry, stability of electrode.
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1 Introduction

Nowadays electrochemical capacitors (ECs) attract public attention to
themselves for using in energy storage devises. based on charge storage
mechanism ECs are divided to two parts."? The First is electric double layer
capacitor (EDLC) that capacitance in them arises from charge separation and
the second pseudo capacitances that capacitance is due to faradic reactions.*”*
Also ECs classified in three groups based on active materials that are Active
carbon, conductive polymers (CP) and metal oxides.”®

CPs such as polyaniline (PANI), poly pyrrol (PPY), poly thiophen (PTP)
and their derivatives are attractive material to use as supercapacitors.” PANI is
most considered conductive polymer because of low cost, high conductivity,
And the ease of synthesis than other conductive polymers.® Low cycle ability
is the main problem that impeded the application of PANI in industry.’ One of
the reasons for poor cycle ability of polyaniline is degradation of polymer film
during doping and undoping of counter ions. During cycles, the volume of
polymer changes and some part of polymer chain solvated in water.'™!! One
of the methods for enhancement the stability of PANI is to make composite
with some Nano materials like carbon Nano tube (CNT),'* metal oxide' and
other material.'*'> Metal oxides are good candidate for coupling with CPs
because their pseudocapacitive behaviors collaborated by capacitive
performance of CPs. Some metal oxides like as RuO, have good
pseudocapacitive behavior but because the toxicity and high cost, utilization
of this material were neglected.'® On the other hand metal oxides that have
low cost and were environmentally friendly have got more attentions. MnO; is
one of these materials that has above properties and synthesized by several

methods.'” Furthermore the capacitance of MnO, electrode is so high and for
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powder electrode is about 150-300 F/g.'® Although thin film of MnO,
electrode has more Capacitance, but they would suffer from poor energy
density values. Also MnO; has high resistivity and equivalent series resistance
(ESR) and for this problem MnO, combined with other active materials.' It
has already been shown that the nanostructure of the MnO, can affects on
charge—discharge properties of the pseudo capacitors, particularly at large
current densities, having large specific surface area and enlarges the contact
area between active and conducting are some Goals for chose the synthesis
procedure of MnO,. Various nano Structural composite electrodes of MnO,
were synthesized via different methods.?**!

As mentioned, separately using of these materials is limited by their
intrinsic structural shortcoming. Therefore making composite electrode is a
good route for maximizing electrochemical effectiveness of metal oxides And
CPs. pseudocapacitive performance of MnO, and high doping/undoping
properties of conductive polymers are the other advantages of making
composite. The best matrix for MnO, and CPs composites must be have high
number of porosity, to have more amount of metal oxides and moreover high
amount of sites for pseudo capacity behavior for CP. In this paper we
synthesized PANI and PANI/NsMnO, composite electrodes electrochemically
using cyclic voltammetry method and then rinse the electrode with double
distilled water and after that put the electrode in 1M H,SO,4 solution for
electrochemical measurements. We used CV, CD, EIS and FFTCCV methods
for fully comparing of PANI and PANI/NsMnO, electrodes together. For
material characterizations electrode removed from cell dried in free air and
used for SEM and FTIR studies.

Our attention in this study is to synthesis a composite electrode by PANI

and NsMnO, with high amount porosity to reach to high performance for

4
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supercapacitors such as higher specific capacitance and more lifetimes during

numerous cycles.
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2 Experimental

2.1 Chemicals

All the chemical materials used in this work were Merck products of
analytical grade and were used without further purification. Double distilled
water was used throughout. Aniline was doubly distilled and the resulting
colorless liquid was kept in the dark at 5°C. NsMnO, was synthesized by
ultrasound method as described in the literature.*

A mixture of MnSOy4 (0.25 M) and KBrOs (0.5 M) solution was sonicated
for 4h at 45°C. The obtained precipitates were washed several times with
distilled water followed by ethanol to remove impurities, and then dried in
vacuum at 110°C for 5h. The dried powder was put into muffle and heated at
300°C for additional 3h. These powders were acidified with 2 M H,SO, at
90°C for 2h. Finally, the product was washed with distilled water and vacuum
dried.

2.2 Synthesis of PANI and PANI/NsMnO, composite

electrodes

PANI/NsMnO, composite was synthesized electrochemically by cyclic
voltammetry in 1 M H,SO4 solution that contained aniline monomer (0.03 M),
NsMnO; (0.2% wt) and sodium dodecyl sulfate (0.005 M) which were
dispersed in the solution by sonication. PANI electrode was synthesized in
same solution without NsMnQO, and SDS. Polymerizations for both electrodes
conducted by 10 cycles at the sweep rate of 50 mV s in the potential window

between -0.2 to 1.2 V. The mass of PANI films was approximated
6
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assuming a current efficiency for the electro polymerization process of

100% using Faraday’s law of electrolysis.”

2.3 Materials characterization and electrochemical

evaluation

Electrochemical experiments were carried out by an Autolab General
purpose System PGSTAT 30 (Eco-chime, Netherlands). A conventional three
electrode cell with a glassy carbon electrode with the area of 0.03 cm’ as
working electrode, Platinum wire and an Ag/AgCl reference electrode
(Argental, 3 M KCI) were used as as counter and reference electrode,
respectively. The EIS experiments were conducted in the frequency range
between 100 kHz and 15 mHz with perturbation amplitude of 5 mV.

Morphological investigations of the polymeric films were carried out by
using SEM (Philips XL 30). The Fourier transform infrared (FTIR) spectra
were recorded on Nicolet 6700 with the sweeping range of 500—4500 cm ' at

adcm ' resolution with KBr as compressed slices.

2.4 FFTCCY technique

The FFT experimental data collection was performed with the help of the
following equipment; a setup of a computer, equipped with a data-acquisition
board (PCL-818HG, Advantech. Co.) And a custom-made potentiostat
described in our previous works. A computer program that was developed in
Delphi6® environment that used for data acquisition and data processing. The
signal Calculation in this method is established based on the integration of net
current changes over the scanned potential range. It must be noted that in this

case, the current changes at the voltammograms can be caused by various
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processes, which take place at the electrode surface. In detail, a CV of the
electrode was firstly recorded. Then, the existing high frequency noises were
indicated by applying FFT on the collected data. With the help of this
information, the cutoff frequency of the analog filter was set at a certain value

where the noises were removed from the CV.2*?®
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3 Results and discussion

3.1 Characterizations
Fig.1 Shows the SEM graphs of PANI/NsMnO; electrode. As can be seen

NsMnOQO, particles adhere on the surface of polyaniline filaments. These
particles can connect polyaniline filaments together and improve their
stability. The procedure is flowed by wrapping the PANI filament on the
surface of nano particles or nano particle have been dispersed in the polymer
matrix.?*° The average size of NsMnO, are 60 nm and this particles
distributed in polymer matrix. It can be seen that the porosity of polymer film
remained, however the pseudobehavior of the polymer can storage charges by

doping-undoping process.

Fig.1. SEM graphs of PANI/NsMnO,
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Fig. 2 . FTIR spectra of PANI and PANI/NsMnO..

The structure and component of PANI/NsMnO, composite elucidated by FTIR
technique. Fig. 2. Presents the FTIR spectra of PANI and PANI/NsMnQO,. The

adsorption peaks reveal the presence of both polyaniline and NsMnO,, and
can be identified as follow.”'

The characteristic absorption bands of PANI appears at 1310 and 1600 cm ',
corresponding to the stretching mode of C-N and C=N bands, reveal the
presence of leucoemeraldine and permigraniline components.” CH, bending
vibrations (1470, 900 cm™ "), C-N symmetric stretching vibration (1150 cm ")
and 1167 cm ' are related to the polyaniline conductivity and a degree
delocalization of electrons. The regions from 500to 800 cm ' can be assigned

to stretching vibrations of Mn-O. Bands around 3400 and 1630 cm' are
10
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observed for NsMnO,; and PANIMnO,product, due to the presence of
interlayer or surface water.**

FTIR spectrum of the PANI-MnO, nano composite exhibits characteristic
bands of PANI as well as of manganese oxide, which confirms the presence of

both components in the nano composite.

3.2 Electrochemical measurement

Cyclic voltammetry examinations of fabricated electrodes were performed
in potential range of 0.2 to 0.8 /V. The CV curves of two electrodes at the scan
rate of 25 mV s are shown in Fig.2a. As can be seen in all CV curves a pair
redox peaks that related to the transition from emeraldine to pernigraniline
form of PANI appear. Specific capacitance of electrodes calculated from CV

curves according to following equation:

C—I 1
= (1)

Where [ is the current, m is the mass of reactive material and v is the
potential scan rate.

As can be seen the capacitance of composite electrode is almost three
times more that that of the PANI one. The rectangular shape of
PANI/NsMnO, shows that this composite has good electrochemical behavior
as supercapacitive materials. The specific capacitance of PANI and
PANI/NsMnO, were calculated 190 and 507 F/g respectively. Fig. 3b)
presents the CVs of PANI/NsMnO; at various scan rates from 2 to 150 mV s™.
symmetrical shape the electrode indicate high intrinsic electrical conductivity
of composite film and good kinetic reversibility, which are important factors

for supercapacitors. The deviation from rectangularity of CVs becomes
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obvious as scan rate increases. This phenomenon can be attributed to the

electrolyte and film resistance, and this distortion is depending on scan rate.
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Fig. 3. a) CV curves PANI and PANI/NsMnO, electrode at the scan rate of 25 mV s in 1M
H,S0, solution, b) CVs of PANI/NsMnO, electrode at various scan rate in 1M H,SO,

solution.

Fig. 4. Presents specific capacitance of PANI/NsMnO, electrode at
different scan rates. as can be seen the Specific capacitance of electrodes
decreased by increasing scan rates because in fast sweep rates just outer
porosity are use and deeper those are not accessible for doping / undoing

35
process.

12

Page 12 of 24



Page 13 of 24 RSC Advances

~@— PANI/NsMnO,
@ PANI

N

(=}

o
' |
p—©

(=23

(=}

(=)
|

an

(=

o
|

1

F Y

(=4

o
1

w

(=

o
1

Capacitance (F/g)

N
(=]}
()
| 1
&
«

S — “0,,,,;;,,,
—o

I
/
/

—

=

=3
|
(4

o

T T

T I
1EN 20N
1JV rav iy

T T T

T T

n EN 1NN

v Jyv 1V
Scan rate (mV/s)

Fig. 4. specific capacitance of the PANI and PANI/NsMnO, electrodes as a function of scan

rates.



RSC Advances

0.9 0.9

0.8 0.8
= 07 == Pani 07
O === Pani/NSMn0O, — 12 Ag!
50 0.6 > 06 :
) N - 3.6 Ag’
8 0.5 0.5 4
< 5, — 7.2 Ag"
2 04 2 04 i
o S ! 12Ag
50 V \ \ 5 03 V \ \ \

02 0.2

0.1 0.1

0 50 100 150 200 250 300 0 200 400 600 800
t(S) 1(S)

Fig. 5. a) CDs of PANI and PANI/NsMnO, electrodes in 1M H,SO, at current of 1.2A/g, b)
CDs of PANI/NsMnO; electrode in 1M H,SOy, at various currents.

One of The most direct approaches to evaluate the applicability of
supercapacitor materials is the CD study. Fig. 5a shows the typical CD curves
of the PANI and PANI/NsMnO, electrodes. From the figure, it can be seen
that PANI/NsMnQO, electrode has more capacitive characteristic than PANI
electrode. This is consistent with the results of CV curves. Improvement the
capability of charge storage by increasing the porosity of polymer film and
pseudobehavior of NsMnQO; caused to this synergistic effect of composite.
Furthermore as can be seen the magnitude of equivalent series resistance
(ESR) of composite electrode is smaller than PANI that depicted higher
conductivity of composite film than PANI electrode. Fig. 5b presents CD
curves of PANI/NsMnQO, electrode at various constant currents. As can be
seen by increasing the magnitude of current densities, symmetrical shape of
curves preserved. But ESR magnitude in the curves increased. The
symmetrical shape of CD curves shows that PANI/NsMnO, has suitable
charge storage performance at various current densities. Here, SC was

measured according to the CD curves, using Eq. (2).

14
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I
SC =

(2)

AE
_(E m
. . . . AE .
In this equation / is the applied current; — s the slope of the discharge

curve after the voltage drop at the beginning of each discharge (ESR); and m
was the mass Reactive material. The most SC for composite electrode was

obtained when the current density for charge/discharge process was 1.2 A/g.
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Fig. 6. Nyquist plots of the PANI and PANI/NsMnO, electrodes in1M H,SO, solution.
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The electrochemical impedance study was tested for two electrodes with
the goal of investigating the electrochemical behavior of electrodes/electrolyte
interface in detail. As can be seen from Fig. 6. Nyquist diagrams consist of a
semicircle in the high frequency region followed by a nearly vertical straight
line in the low frequency. The equivalent circuit compatible with the Nyquist
diagram was depicted in Fig. 6. To obtain a satisfactory impedance simulation,
it is necessary to replace the capacitor C with a constant phase element (CPE)
in the equivalent circuit. The most widely accepted explanation for the
presence of CPE behavior and depressed semicircles on solid electrodes is
microscopic roughness, causing an inhomogeneous distribution in the solution

36-38

resistance as well as in the double-layer capacitance. The capacitance (Cjr)

of each Electrode was determined from the Eq. (3):

1

Cr=im 7" 3)

In which f'is the frequency, and Z’’ is the imaginary component of impedance.
The SC of PANI and PANI/NsMnO, were calculated 177 and 451F/g,
respectively. It can be seen that PANI/NsMnO, electrode had more
capacitance than PANI electrode. These results also confirmed the data that

obtained by CV and CD methods.

16
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Fig. 7. 3D cyclic voltammogram of PANI (a) and PANI/NsMnO, (b) electrodes as a function
of time by the scan rate of 50 mV s™ in 1M H,SO, solution (just 4000s showed).

FFTCCV technique could be considered as the best tool for examination the
changes in the CVs and charge storage of a capacitor during the time.
furthermore by using this technique one can study the behavior of
electrochemical system momentarily. The CVs of two electrodes investigated
in this technique in over time. Fig. 7 shows the three-dimensional (3D) CV of
PANI and PANI/NsMnO, electrodes that were performed as a function of
time, at the scan rate of 50 mVs™. The change in electrochemical behavior of
composite electrode can be observed in these 3D CVs in over time. As can be
seen after 4000 seconds PANI electrode losses its symmetrical shape and the
magnitude of charge (Q) that surrounded by CV plots decreased. This
behavior also occurred for PANI/NsMnO, composite electrode but this
composite electrode preserved its symmetrical shape much more than PANI

electrode.
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Fig. 8.3D differential voltametry of PANI/NsMnO, electrode measured at 50 mV s for

=3

PANI/NsMnO, electrode (a) stability of two electrode after consequtive cycles at 50 mV s
for 20000 s (b) differnce between capacitive current of the charge and discharge curves

separately as a function of time at 50 mV s for PANI/NsMnO,(c).

Fig 8. presents some results that obtained by FFTCCV technique for
PANI/NsMnO; composite electrode for consecutive CVs. Fig 8a) shows the
3D differential voltametry of PANI/NsMnO, electrode measured at 50 mV s!
for PANI/NsMnO; electrode. In fact, the details of the occurring changes can
even be seen well, when the current at recorded CVs subtracted from the
current at reference voltammogram, where the reference voltammogram is

obtained by averaging 5 FFTCCV voltammogram in the beginning of the

18
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measurement. The absolute capacitive charge changes (40,) calculation for

this operation is as follows equation:

E, E,
AQ, = IAi(n’E)dE—ave IAi(m,E)dE For n>0(4)

E E
Or

AQ, =0, 0O, (5)

Where Q,y and Q, are the calculated average charges at the selected potential

range, E; to E,, from m cyclic voltammograms and the calculated charge at the

same potential range from subsequent n™ cyclic voltammogram, respectively.

The computer program algorithm for calculating the detector response was:

AQ(nr)=£( S i - _an,,mj ©)

V \E=£1 E=E1

In this equation, ¢ is the time period between subsequent scans, v is the
scan rate, AE is the potential difference between two subsequent points on the
cyclic voltammogram, i, g represents at the recorded cyclic voltammogram
during the n™ scan and imr, £ 18 the reference current at stored cyclic
voltammogram in the computer memory. The reference cyclic voltammogram
was obtained by averaging a few recorded cyclic voltammograms at the
beginning experiment. As can be seen in the Fig 8a) there are two peak in the
potential range of 0.4 to 0.6V, that related to the oxidation of PANI, which
have be seen in the CVs.” As shown in this figure there is a deceleration of
current in the high positive potential range. this deceleration shows that the
changes in oxidative state are more than reductive one. Fig 8b) shows the
electrochemical stability of PANI and PANI/NsMnQO, electrodes that
examined in IM H,SO4 solution by FFTCCV technique after continuous
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cycles for 20000 seconds with the scan rate of 50 mV s™'. After sequence
cycles because of degradation of conductive polymers, the stability of polymer
electrode decreased.'® As can be seen PANI/NsMnO, composite electrode has
more stability than PANI electrode, whereas after 20000 seconds PANI
electrode just has 30% of its capacitance related to first cycle, the
PANI/NsMnO, composite electrode loss just 10% of its capacitance and
preserved stable. Fig 8c shows the difference between the charge and
discharge curves of PANI/NsMnO, composite electrode. By increasing the
time and therefore the number of cycles, differences between charge and
discharge currents got bigger and then after 1000 s reach to a constant number.
This increasing of difference related to insertion and deinsertion of doping
ions, in which a few number of ions after interance to the polymer film
trapped to the polymer network and can’t exit. Reaching to a constant number
shows that those porosity in the polymer film which trap the ions were filled
and then the columbic efficiency of electrode be compelete. With using
FFTCCYV technique one can following the change of CVs, cycle by cycle for
study the capacitive behavior of composite electrode. This data processing
operation was carried out simultaneously with data acquisition during

experiments.

20
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4 Conclusion

In this paper the application of a composite from NsMnO, and PANI was
studied that allows to form a three dimensional volumetric supercapacitor with
a quick charge propagation. The electrochemical method for synthesis of the
composite let to a good capacitance results (507 F/g) compare to PANI (190
F/g). Uniform distribution  of NsMnO, with the average size of 60nm
achieved. Presence of NsMnO, cause to increasing the capacitance of
composite electrode, furthermore PANI/NsMnO, composites shows a better
cyclability than PANI electrode with a moderate loss of capacitance values
(10% for composite electrode). EIS, CV and CD studies are in agreement
together. The results obtained from the FFTCCV technique are very useful for
investigation the electrochemical behavior of a single electrode as
supercapacitor. Study the stability of electrodes, Columbic efficiency, 3D CVs
for study the behavior change of composite electrode are some advantages of

using this technique for study the supercapacitors.
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