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Polypyrrole doped zirconium dioxide composite as electrode material
for super-capacitor applications
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Abstract: A PPy-ZrO, composite was synthesized using in-situ polymerization, resulting in polypyrrole-doped Zirconium
dioxide. This composite was then studied for its electrochemical characteristics as an electrode material in supercapacitors.
The X-ray diffraction (XRD) study confirmed the formation of the composite. Scanning Electron Microscopy (SEM) also
confirms platelet structure in the PPy-ZrO, composite. Fourier transform infrared (FTIR) analysis showed strong inter-
action between PPy and ZrO, nanoparticles. Synthesized samples are characterized and assessed by impedance, cyclic
voltammogram, and galvanostatic charge/discharge. The maximum specific capacitance of 1265 Fg~' at 1 Ag™"' is
observed at PPy-ZrO, electrodes. The energy density of 28 Wh kg™' is found at 378 W kg~ (power density), and the
impedance of pure PPy ~ 13 Q to PPy-ZrO, ~ 11 Q of the composite is decreased, which may represent a beneficial

effect of ZrO,-particles and PPy for the development of an electrode material.
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1. Introduction

Nanocrystalline metal oxide, P-type semiconductors have
been broadly focused through investigators in recent dec-
ades due to their wide applications [1-6]. Zirconium
dioxide (ZrO,) is a wide band gap of 5.3 eV P-type
semiconductor and shows rich oxygen vacancies on its
surface [7-10]. ZrO, is a material of excessive techno-
logical significance, having durability, chemical stability, a
natural white color, and splendid rust resistance [11-15].
The ZrO, has potential applications in piezoelectric and
semiconductor devices such as photodiodes, transparent
electrodes, solar cells, catalysts, and gas sensors [16-21].
On the other hand, the conducting polymers have an
extensive series of applications, for instance, sensors that
sense the vapor of different gases, Schottky diodes, field-
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effect transistors, and light-emitting diodes [22-26]. The
PPy is known as a positive conducting polymer widely
used to synthesize composites owing to its simple synthe-
sis, good compatibility, high electrical conductivity, and
excellent ecological stability [27-30]. Its chemical formula
is C4H4NH, and the chemical structure of polypyrrole is
exhibited in Scheme 1. The electrical conductivity of
polypyrrole can be improved by incorporating inorganic
fillers; furthermore, the conductivity of polypyrrole
depends on dopant ions [31-35]. Quite a few researchers
have more attention to investigating the conducting poly-
mer/inorganic-particle composites that might show out-
standing physical and mechanical characteristics [36, 37].
Niaz et al. reported the synthesis of MoS,-polypyrrole
nanocomposites using a hydrothermal method, serving as
supercapacitor electrodes. The layered structure aids proton
movement, enhancing accessibility and shortening ion path
length. Stable electrodes with 95% capacitance retention
after 500 cycles are achieved, outperforming pure poly-
pyrrole [38]. Another report synthesized a quaternary
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PANI-Pr,03-NiO-Co30,4 core—shell nanocomposite using
coprecipitation and ultra-sonication methods. The study
concludes that this nanocomposite offers higher capaci-
tance, aiding ion transfer and core—shell structure forma-
tion to enhance surface-related electrochemical properties
[39]. Boutaleb et al. synthesized PANI-TiO,-CuO ternary
composite by using the in-situ oxidative polymerization
route. They reported that the as-synthesized composite was
good at holding its capacity, keeping 87.5% of its energy
storage ability after 1500 cycles [40]. Zenasni et al.
explored the ZrO,-ZnO doped polypyrrole composites as
an electrode material that was synthesized using an in-situ
polymerization technique. The electrochemical properties
of electrode materials are confirmed by cyclic voltamme-
try, galvanostatic charge and discharge, and electrochem-
ical impedance spectroscopy. Additionally, the electrode
stability was also determined which showed specific
capacitance retention of 90.2% for synthesized composites
after cycling up to 4000 cycles. The synthesized PPy-ZrO,-
ZnO composites act as an organic semiconductor material
and can be developed as the electrode material. Numerous
investigators have studied that the development of efficient
charge packing materials is a key to upcoming renewable
energy organization They were seen that the present
research work might be a maximum auspicious alternative
to constant storage of electrical energy in a supercapacitor
electrode [41]. Ullah et al. investigated the polypyrrole

-

(PPy), which doped a higher weight percentage of zirco-
nium dioxide nanoparticle composites synthesized via the
in-situ chemical oxidative technique. The synthesized
composites were analyzed for electrochemical features of
the electrode are sightseen by cyclic voltammetry and
galvanostatic charge/discharge process. Also, the compos-
ite materials maintain stability after 1000 charge and dis-
charge cycles, with 85% capacitance retention at 1 A g .
The synthesized composites may behave as semiconductors
and might be developed as an electrode material. Com-
pared to other metallic materials, the synthesized materials
can be used to fabricate electrode material and make the
procedure eco-friendly. Many researchers observed that the
prepared composites were very useful and played an
emerging part in the field of material science research in
fabricating electrodes for high-performance supercapacitor
applications [42]. Similarly, PPy-inorganic-filler compos-
ites were synthesized utilizing metal oxides like TiO,,
Fe;04, MnO,, Y,03, and ZrO, have been reported [43—47].
However, current electrode materials face challenges such
as poor stability, low energy density, and high self-charge/
discharge rates in supercapacitors. Therefore, there is a
crucial need to synthesize new electrode materials with
enhanced electrochemical properties for the design of the
next generation of supercapacitors. In this work, the low
weight ratio of ZrO, dopant was added into the polypyrrole
to synthesize the PPy-ZrO, composite via oxidative
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Scheme 1 Schematic illustration of synthesis route and results of PPy-ZrO, composite
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Fig. 1 XRD profiles for PPy, PPy-ZrO, composite, and Pure ZrO,

chemical polymerization technique. The structural charac-
terization techniques were utilized to analyze the structure
of the PPy-ZrO, composite and electrochemical measure-
ments have been applied to study the effect of ZrO, on the
electrochemical properties of the composite. The resulting
PPy-ZrO,-designed electrode material displays improved
performance in supercapacitor applications.

2. Preparation of PPy-ZrO, composite

Pyrrole was bought from Riedel-de-Haen. Duksan Chem-
icals delivers ammonium persulfate. The Zirconium diox-
ide (0.25 gm) was bought from UNI-CHcM chemicals, and
the Hydrochloric acid was purchased from Sacharlu. All
material was utilized conventionally except pyrrole. The
chemical polymerization technique synthesizes polypyrrole
in an open environment and uses APS as an oxidant
(Scheme 1). The molar ratio of monomer to oxidant was
kept 1:1. The APS (8.5 g) was dispersed into 100 mL de-
ionized water and strongly stirred for 30 min at 30 °C.
After that, 2.5 mL of pyrrole was inserted into 100 mL de-
ionized water, and 5 mL HCI was introduced dropwise to
keep the pH between 0 and 1. After 30 min, both solutions

Table 1 X-ray diffraction data for pristine ZrO,

26 (deg) d-spacing (nm) hkl
28.24 0.32 111
30.39 0.29 200
50.44 0.18 220
60.27 0.15 311

were miscellaneous as well and stirred for 3 h. The solution
was left overnight in an open environment to get complete
polymerization. Lastly, got greenish-black solution was
filtered via filter paper and then washed again and again
with de-ionizing water to eliminate the HCl from the
solution. The suspension was located at 70 °C in a vacuum
oven to dehydrate and then ground to fine powder of
polypyrrole was obtained. The PPy-ZrO, composite was
synthesized in the same as the synthesis of polypyrrole has
been discussed above.

3. Measurements

The X-ray diffraction was carried out utilizing the auto-
mated diffractometer, Panalytical X-Pert PRO instrument.
The scanning electron microscope was carried out on an
EVO50 ZEISS machine. CV was performed to evaluate
electrochemical properties at 30 °C with 1-M KOH elec-
trolyte and mass of the sample 0.00025 g. Electrochemical
impedance spectroscopy (Impedance Analyzer-PGSTAT-
204 (AUT-50296)) measurement was performed from
100 kHz-0.1 Hz frequency range for an open circuit with
AC perturbation of 5 mV at 10-50 mV/s scan rates with a
potential window from 0.2 to 0.6 V.

4. Results and discussion
4.1. Stractural analysis
Figure 1 exhibits PPy, PPy-ZrO, composite XRD profiles

and pristine ZrO,-nanoparticles. It is clear from the XRD
pattern, the pure ZrO, was a tetragonal structure with main
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Fig. 2 FTIR spectra of (a) Pure PPy (b) PPy-10% ZrO, composite
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peaks observed at 20 = 28.24°, 30.39°, 50.44°, and 60.27°
representing the [111], [200], [220] and [311] planes are in
good agreement with that of with JCPDS No. 70-1769 [48].
Scherrer’s equation, utilized to calculate the crystallite size
of ZrO, was found 30.4 nm. The XRD pattern for pure PPy
defines the amorphous nature because a broad peak was
found in the 20 range 17°-22° [49]. Bragg’s equation was
utilized to compute the experimental d-values [50]. The
core crystalline peaks of ZrO, at 26 values correspond to
the periodicity in the direction of [hkl] planes and the
degree of crystallinity is summarized in Table 1. The XRD
pattern of the PPy-ZrO, composite shows the characteristic
peaks of ZrO, present in PPy also presented in Fig. 2. This
study confirmed that the composite is composed of ZrO,-
particles and PPy, and there is an increase in crystallinity
[48].

4.2. FTIR analysis

Figure 2 presented the FTIR Spectra of pristine PPy, and
PPy-10% ZrO, composite, where significant changes were
observed more clearly between PPy and PPy-ZrO, com-
posite. The band observed at 1045 cm™ corresponds to
symmetric C—H in the plane mode. The band at 1205 cm™"
is the N-H in the plane mode and it was the typical band
for PPy. The band at 1560 cm™' and 1470 cm™' corre-
sponds to C—C and C=C stretching vibrations. The bands
observed in the present study are consistent with the
reported literature and confirm the formation of poly-
pyrrole [51]. However, the characteristic bands of PPy
were shifted from 1055 to 1035 cm™', 1205 to 1160 cm ™',
1470 to 1450 cm™' 1560 to 1540 cm™', and 1705 to
1690 cm ™" in the PPy-ZrO, composite towards the lower
wave numbers are plotted in Fig. 2(b). From this study, it

(c) PPy-ZrO2

Fig. 3 SEM micrographs of (a) Pure PPy (b) Pristine ZrO, (¢) PPy-ZrO, composite

0.006
(a)
0.004 4 — Pure ZrO2
— PPy
= PPy-10 % ZrO2
~ 0.002 4
<
=
=~ 0.000

0.2 0.3 0.4 0.5 0.6
Potential (V)

0.016

(b)

0.012 4

em— 10MV/s

20mv/s
e 30MV/s
e 40MV/S
e 50m /s

0.008

0.004 4

0.000 4

-0.004 4

Current (mA)

-0.008 4

-0.012 4

-0.016 T T T T T
0.2 0.3 0.4 0.5 0.6

Potential (V)
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Table 2 Cs (Fg™') of ZrO,, PPy, and PPy-10% ZrO, composite at
scan rate of 10 mV/s

Table 4 Capacitance, energy density, and power density for ZrO,,
PPy, and its composite at 1A/g

Samples Specific capacitance (Fg™")
ZI'OZ 27
Ppy 279

PPy-10% ZrO, 960

Table 3 Cs (Fgfl) of PPy-10% ZrO, at different scan rates

10 mV/s 20 mV/s 30 mV/s 40 mV/s 50 mV/s

960 Fg~' 880 Fg~! 827 Fg~! 760 Fg~' 736 Fg~!

may be concluded that an interaction exists between the
interface of PPy and ZrO, particles [52].

4.3. Surface morphogical analysis

The surface morphology of all samples was explored by
SEM analysis. To confirm the increased in crystallinity of
polypyrrole and also mixed with ZrO,, the morphology of
pure ZrO, and synthesized PPy-10%ZrO, composite were
studied and their images are shown in Fig. 3. The SEM
images show the hemispherical nature of polymer as
clusters in PPy-ZrO, composite and platelet structure of
pristine ZrO,. The ZrO,-particles are bound into the PPy
chain because of vigorous nanoparticle interaction
(Fig. 3(a, b)). SEM and XRD studies show that the PPy-
10% ZrO, composite is more crystalline than synthesized
pristine PPy. This study shows that the PPy-ZrO, com-
posite has seen more progress in particle size (2-um esti-
mated) and an eggshell structure.

10004 ()
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E 500
3
S /
= P
N 250 4 &
LN
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Samples at Capacitance  Energy density (W  Power density
1A/g (Fg™h hKg™) (W Kg™)
710, 69 2 35
PPy 749 17 286
PPy-10% 1265 28 378

ZFOZ

4.4. Supercapacitive analysis

Figure 4(a) shows CV curves for ZrO,, PPy, and PPy-
10%ZrO, composite. Individual redox peaks were detected
in PPy, and also in PPy-ZrO, nanocomposite electrodes
were moved positively and negatively due to the resistance
of the electrode; however, the CV of ZrO, shows the
pseudo-rectangular form except any redox peak was plot-
ted in Fig. 3(a). This classifies ZrO, as an individual
electrical binary layer super-capacitor.

The specific capacitance of all the samples was calcu-
lated and given in Table 2. Cyclic Voltammetry (CV) was
executed to investigate the electrochemical properties of
polypyrrole (PPy) and PPy-ZrO, composite by incorpo-
rating 10% ZrO,-nanoparticles. Figure 4(b). displays CV
curves of PPy-ZrO, nanocomposite at 20-50 mV/s scan
rates with a potential window from 0.2 to 0.6 V. It is clear
from the graphs that the anodic cathodic performance
increases positively and negatively with raising the scan
rates. The Cs are reduced by enhancing the scan rates. The
Cs is measured by using the following relation

Cs =1 / dV/m AV (1)

In the above Eq. (1), the symbol “I” is current, “dV”
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Fig. 5 (a) Comparison of Nyquist graphs of PPy-ZrO,, PPy, and ZrO, in 5 mV AC perturbations. (b) Galvanostatic charge/discharge ZrO,, PPy,

and PPy-ZrO, composite at 1 Ag_1
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Table 5 Comparative investigation of PPy-ZrO, with other electrode materials

S. no. Electrode material Specific capacitance (F g™') Energy density (Wh kg™ Power density (Wh kg™") References
1 PANI-RGO-ZnO 40 5.61 403 [56]
2 PPy-GO-ZnO 94.6 10.65 258.26 [57]
3 rGO-MnFe,0,4-PPy 232 32.3 581 [58]
4 MWCNT-PPy-MnO, 270 36 500 [59]
5 rGO-CNT-PPy 199 14 6620 [60]
6 PPy-ZrO, 1265 28 378 This work

Potential (scan rates), “m” is an active mass of the sample,
and “AV” represents the potential window. The specific
capacitance of PPy-10% ZrO, nanocomposite at various
scan rates is calculated as given in Table 3. The specific
capacitance (Cs) is reduced by increasing the scan rates,
which makes the material resistive due to polarization [53].
Therefore, in PPy-ZrO, composite develops a simple track
for the movement of ions that may raise the electrical
conductivity which is very important to improve the
specific capacitance. The CV curves of ZrO, PPy, and
PPy-ZrO, composite appear equivalent to an ideal
rectangular shape through pseudo-capacitance properties
[54]. The specific capacitance of ZrO,, PPy, and PPy-ZrO,
composite at 10 mV/s scan rate is calculated as assumed in
Table 2. In charge storage devices the necessary behavior
of electrode material is confirmed through electrochemical
impedance spectroscopy (EIS). The Nyquist plot for charge
storage devices consists of vertical lines at high-frequency
regions though, a half-circle performed at a low-frequency
region can show the low electrical conductivity. A decrease
in conductivity region suggests the interfacial charge
transfer resistance [55]. Electrode materials’ conductance
was analyzed using the equivalent series resistance (ESR)
method.

4.5. Electrochemical impedance spectroscopic analysis

The ESR of ZrO, is ~ 14 Q, PPy is ~ 13 Q, and PPy-
ZrO, composite is obtained ~ 11 Q. The ESR of PPy-
ZrO, is low as compared to ZrO, and PPy shows an
increase in electrical conductivity due to the addition of
ZrO, in PPy as exposed in Fig. 5(a). The PPy-ZrO, com-
posite is nearly similar to the ideal capacitor and has well-
straight lines as equated to others. The pure ZrO,, PPy, and
PPy-ZrO, composite may have a semicircle at a high-fre-
quency region which can improve the diffusion path length
of ions and produce a hurdle to the motion of ions. The
PPy-ZrO, composite may have a low impedance in its
capacitance part and can show a better supercapacitor
electrode material as equated to other electrode materials.
Figure 5(b) shows the charge—discharge potential against

time-dependent curves for pure ZrO, PPy, and PPy-10%
ZrO, composite electrodes. The PPy and its composite give
two disparities, slope, and perfect variations. The variation
below near 0.5 V shows double-layer-capacitance perfor-
mance from charge segregation at the electrode/electrolyte
boundary. A slope variation nearly above 0.2 V specifies a
characteristic pseudo-capacitance performance produced
due to redox reaction at the electrode/ electrolyte boundary.
Capacitance, energy density as well as power density of an
electrode material can be calculated from the discharging
curves using the following formulae:

C=Ixt/mx AV (2)
E =0.5x Cs x (AV)?*/3.6 (3)
P = E x 3600/At (4)

The PPy-10%ZrO, composite exhibits heightened
capacitance, energy density, and power density compared
to pure PPy and ZrO,. It can be observed that the
capacitance of the nanocomposite is more than the sum of
ZrO, and PPy (Table 4). Here, ZrO, gives a conductive
path and presents a large surface area to support the
material for PPy. Consequently, it improves the electrode
to electrolyte zones and also allows the electrolyte ions to
move fast through the electrode during the process of
charge/discharge. The electrochemical characteristics are
better efficient and are helpful for supercapacitor
applications. Table 5 lists the electrochemical data for the
PPy-10%Z7rO, sample, providing a comparison with
previously reported materials. The High performance of
the designed electrode could be attributed to its specific
structure and high conductivity, leading to the fast shuttling
of ions and electrons at the electrode—electrolyte interface.

5. Conclusion

A composite of polypyrrole-doped zirconium dioxide was
prepared by an in situ polymerization route. XRD results
validated the presence of ZrO,-particles in PPy, which
confirmed the successful formation of a composite. The
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SEM image confirms the platelet structure in the PPy-ZrO,
composite. This type of composition is excellent for charge
storage device applications. The charging time is reduced,
and the discharging time is enhanced, which can result in
decreased internal resistance. Maximum capacitance of
1265 Fg~ ' at 1 Ag™'is seen for PPy-ZrO, electrodes. The
energy density of 28 Wh kg~ ' is attained at 378 W kg™’
(power density) with impedance decreased from pristine
PPy ~ 13 Q to PPy-10% ZrO, ~ 11 Q composite. The
synthesized composite material is an excellent semicon-
ductor material for charge storage device applications as an
electrode material consisting of ZrO, as a conducting
improver.
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