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Abstract

Polypyrrole (PPy) nanocomposites were prepared using chemical oxidation
and were combined with manganese oxide (MnO,) nanoparticles. The PPY-MnO,
nanocomposite was synthesized by integrating PPy nanofibers with varying
volume ratio percentages of MnO, dopant (10, 30, and 50% vol. ratio). The
structural features of the PPy and PPy-MnO, nanocomposite were investigated
using X-ray diffraction (XRD). Fourier transfor infrared (FTIR) spectroscopy was
used to demonstrate the molecular structures of primary materials and the final
product of PPy, MnO,, and PPy- MnO, nanocomposites. Field Emission Scanning
Electron Microscopy (FESEM) showed that the morphology of PPy consisted of a
network of nanofibers. Increasing the volume ratios of manganese oxide added to
the PPY nanofiber led to the increase of manganese oxide nanoparticles on the
surface of the PPY nanofiber network. This resulted in a noticeable alteration in the
structure of the nanocomposite. It has been observed that the nanocomposites
demonstrate a significant level of pseudocapacitive activity. The highest
capacitance of 236 F/g was observed when pure PPy was doped with 30% MnO,
compared to 125 F/g of the pure PPy.
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Pseudocapacitance supercapacitors are environmentally friendly power sources
commonly utilized in many applications, such as portable electronics, digital
communication systems, power backup systems, and hybrid electric cars [1-4]. The
performance of supercapacitors, including specific capacitance, rate capability, and
cycling stability, is greatly influenced by the properties of electrode materials.
Therefore, there have been many efforts in recent years to create effective electrode
materials [5]. Manganese oxide (MnQO,) widely used in energy storage devices (e.g.,
lithium-ion batteries, capacitors), catalysts, adsorbents, sensors and imaging, therapeutic
activity, is a significant pseudocapacitance material known for its high theoretical
capacitance of 1370 F/g [6], affordability, eco-friendliness, and availability in nature.
Yet, its use in supercapacitors may be restricted by its inadequate electrical conductivity
[6]. Polypyrrole (PPy) is a conductive polymer with high electrical conductivity, unique
doping/dedoping properties, environmental durability, excellent biocompatibility, and
versatile production methods [7-9]. Conductive polymers are characterized by the
conjugated double bonds along the polymer chain [10]. The polymer's composition and
the positioning of nanoparticles within the polymer matrix have been found to impact

several characteristics [11]. PPy is used

in various applications,

including

manufacturing batteries, sensors, electrical devices, and supercapacitors [12]. Adding
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MnO, can significantly enhance the electrical conductivity of PPy. The PPy-MnO;
composites have gained attention in research due to the synergistic effect of MnO, and
PPy. The PPy-MnO, composites exhibit outstanding pseudocapacitive performance in a
neutral electrolyte, making them appealing electrode materials for supercapacitors [13-
15]. PPy and other conducting polymers have significant charge storage capacities, but
their mechanical and long-term stability are not good enough. Supercapacitor
electrodes, a novel mixture of metal oxide particles spread across a sizable surface area
supported by conducting polymer, seem promising [16]. PPy offers a very large surface
area for dispersing MnQO,, allowing it to develop into nanoscale particles with a high
active surface area for redox reactions. The MnQ,; particles offer firm support and an
interconnected electrical pathway to PPy by connecting the polymer chains, enhancing
charge exchange efficiency and stability during redox cycling.

This work presents the synthesis, electrochemical behaviour, and structural
properties of the PPy-MnO, nanocomposite electrodes designed for supercapacitors
[17].

2. Experimental Part
2.1. Preparation of PPy Nanofiber

The polypyrrole nanofibers were constructed using the approach outlined by Yang
and Li [18]. 0.818 g of methyl orange was uniformly distributed in 60 ml of distilled
water. 2.237 g of ferric chloride was mixed with the methyl orange liquid solution with
agitation at a speed of 80 rpm and placed in an ice bath with 1ml of pyrrole. The
mixture was stirred continuously for 1 day till it turned black. The precipitate was
subjected to several washes with ethanol and distilled water, followed by filtration and
drying for 60 minutes. All the chemicals used in this work were purchased from Alfa
Aesar (Germany).

2.2. Preparation of Polypyrrole-Manganese oxide (PPy-MnQO;) Nanocomposite
A homogenous dispersion was created by dissolving MnO; in distilled water,
combining it with PPy at volume ratios of 10, 30, and 50%, and subjecting it to
ultrasonic vibrations for one hour.

2.3. Electrode Preparation
To prepare the PPy-MnQO; electrode, the PPy-MnO, nanocomposite of 10, 30, and
50% MnO, ratios was deposited on a 1x1 cm? nickel foam substrate via drop casting.
The PPy-MnOy/nickel foam sample underwent testing by cyclic voltammetry (CV),
galvanostatic charge-discharge analysis (GCD), and electrochemical impedance
spectroscopy (EIS) in a 1 mil volume of concentrated sulfuric acid solution with a 100%
concentration. The electrode made of PPy- MnO; had a mass of 0.1 mg.

3. Results and Discussion
3.1. X-ray Diffraction

Fig. 1 illustrates the X-ray diffraction (XRD) patterns of PPy nanofiber, and PPy-
MnO, nanocomposite. The XRD pattern PPy has a diffraction peak at 20 = 20.35°; it
displays a broad peak for 20 values ranging from 13° to 29°. This peak is characterized
by weak intensity and broadness, indicating that the PPy is amorphous [19]. It is well
known that MnO, has strong diffraction peaks suggesting that the material is crystalline
in its natural state. XRD patterns of PPy-MnO, nanocomposite of 10, 30, and 50%
MnO, show diffraction peaks at 33.3°, 38.5°, 46.5°, 49.7°, 56°, and 66.2° correlated to
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the distinctive peaks of MnO, corresponding to the crystal planes of (111), (200), (202),
(311), (222), and (400), respectively, in accordance with code (Crystallography Open
Database) 9008674 and 1010436. These results agree with those reported by Wyckoff
[20] and Ruhemann [21]. The XRD patterns of PPy-MnO, nanocomposites make it
abundantly evident that the nanocomposites exhibit just six peaks of MnO,, whereas the
broad peak from PPy is observed with a significantly lower intensity. During the
polymerization reaction, the crystal structure of the MnO, particles could be distorted
into an amorphous phase, which is indicated by the six peaks [22].
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Figure 1: XRD patterns of PPy and PPy-MnO, nanocomposite of different MnO,
percentages.

3.2. Fourier Transform Infrared Analyses (FTIR)

Active synthesis of the polypyrrole-Manganese oxide composite was verified
using FTIR spectra analysis. Fig. 2 shows the spectra of PPy, and PPy-MnO,
nanocomposite with varying percentages of MnO, (10, 30, and 50%). The signal
detected at 1050 cm™ and 1043 cm™ is associated with O-H bending vibration of PPy
and PPy-MnO,, respectively [23]. Mn-O vibration is the cause of the signal observed at
559 cm™ and 449 cm™ [14]. The peak at 1590 cm™ is associated with the stretching
vibration of the -OH group, whereas the peak at 1080 cm™ corresponds to N-H in-plane
deformation vibration of the pyrrole ring [14, 24]. The peaks in the PPy FTIR spectrum
at 3140 cm™ and 831 cm™ correspond to the C-H stretching vibration mode [25]. The
peak at 1080 cm™ in the PPy spectrum changed to 1089 cm™ in the PPy-MnO,
nanocomposite due to an interaction between PPy and MnQO, affecting the N-H in-plane
deformation vibration of the pyrrole ring. The peak at 3730 cm™ corresponds to the
polypyrrole rings N-H. The peaks at 449 cm™, 1050 cm™, 1590 cm™, and 831 cm™ in
the PPy spectrum have shifted to 471 cm™, 1600 cm™, and 871 cm™ in the PPy-MnO,
nanocomposite spectrum, respectively, due to the interaction between PPy and MnO,
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affecting the Mn-O vibration, O-H bending vibration, stretching vibration of the -OH
group and C-H stretching vibration, respectively [14, 23-25].
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Figure 2: FTIR spectra of PPy and PPy-MnO, nanocomposite of different MnO, percentages.

3.3. Analysis of the Field Emission Scanning Electron Microscopy (FE-SEM)

The surface morphology of as-made PPy and PPy-MnO, nanocomposite of
different MnO, percentages was analyzed using the field emission scanning electron
microscopy (FE-SEM), as depicted in the microstructure images shown in Figs. 3a and
3b at magnifications of x 350000 and x 135000, respectively. PPy was chemically
synthesized using the method of chemical oxidation and an ice bath, as previously
mentioned. It is observed from the images of the PPy that the substance consisted of
nanofibers. The morphology of the PPy-MnO, nanocomposites exhibited a uniformity
in the arrangement of PPy nanofibers and the MnO, nanoparticles. The scaffold made of
PPy consisted of interconnected fibers/particles, adding manganese oxide nanoparticles
results in the formation of a three-dimensional compound thus conduction will be three-
dimensional, i.e., it will be conductive from all directions.

The bulk of these nanofibers have diameters ranging from 50 to 100 nm. The
PPy-MnO, nanocomposite exhibited the formation and aggregation of PPy fibers on the
surface due to the interactions between the fibers and MnO, particles, as observed in the
FESEM images. With the addition of MnO,, an attraction occurs between the PPy and
the MnO,, which increases as the percentage of the added MnO; increase leading to
small blocks forming on the surface of the PPy. The obtained images are almost
identical to those presented by Khan et al. [24] and Bahloul et al. [26].
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Figure 3: Field Emission Scanning Electron Microscope (FESEM) images of PPy, (a) PPy-
10%MnO,, PPy-30%MnO,, and PPy-50%Mn0O,, (b) PPy-10%MnO,, PPy-30%Mn0O,, and
PPy-50%MnO0,. (x 135000 magnification).
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3.4. Supercapacitor’s figure of merit

The electrochemical measurement of the supercapacitor was initially assessed
through a systematic measurement using Cyclic Voltammetry (CV), Galvanostatic
Charge/Dscharge (GCD), and Electrochemical Impedance Spectroscopy (EIS) in a
conventional three-electrode setup [27, 28].

3.4.1. Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is a powerful electrochemical technique that may be
used to determine the predominant electron transfer pathway as a function of time and
applied potential [29]. Fig. 4 (a-c) displays the outcomes of the cyclic voltammetry
analysis conducted on PPy and PPy-MnO, nanocomposites. The anode peaks are
observed at (3.49, 4.2, 5.2, 3.25), (5.88, 10.1, 10.3, 7.65), and (12.4, 17.7, 15.2, 12.1)
mA for the pure PPY and 10, 30 and 50% MnO, in the PPy-MnO, nanocomposites,
respectively, with the repetitive application of the scan rates of (50, 100, and 150). The
materials exhibited electrochemical activity within a specific range of potential, as
indicated by the CV data. CV curves (voltammograms) exhibited a pair of clearly
defined redox peaks, a typical characteristic of battery-type electrodes [30]. The
electrochemical properties of both PPy and MnO, are combined in the PPy-MnO,
composite film. The PPy-MnO, nanocomposite thin film exhibited an electrochemical
reaction at potentials below 0.75 V, as depicted in Fig. 4. The anode electrode
functioned as the emitter of positive charges, while the cathode electrode served as the
store for positive charge carriers within the PPy and PPy-MnO,. This mechanism
operates throughout the discharge procedure. When a cathodic voltaic (CV) reaction
occurs, the cathode side of the system becomes black, while the anode side remains
white. Unlike PPy, the Gaussian shape seen in Fig. 4 demonstrates that the
electrochemical interaction plays a significantly more important role in PPy-MnO,
nanocomposites. This could be clarified by harnessing the combined impacts of PPy and
MnO,. The presence of two distinct and prominent redox peaks on each curve depicted
in Fig. 4(a-c) indicates the occurrence of a pseudo-capacitative feature of the
supercapacitor, which is a result of the Faradaic redox reactions. The PPy-MnO,
nanocomposite thin film was found to possess similar properties as reported by Sharma
et al.[17] and Liao et al. [31]. Organic electrolytes with broad voltage ranges are the
preferred option for commercial supercapacitors in terms of energy density; aqueous
electrolytes are cost-effective and may be easily managed in a laboratory setting without
requiring particular conditions [32].
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Figure 4: The cyclic voltammograms of PPy and PPy-MnO, nanocomposite with different

concentrations of MnO, at a voltage of (a) 50 mV, (b) 100 mV, (c) 150 mV.
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3.4.2. Galvanostatic Charge-Discharge (GCD)

An electrochemical performance assessment of the hybrid PPy-MnO, electrode
was conducted using a galvanostatic charge/discharge test [33]. To ensure optimal
performance of the hybrid system, potential fluctuations for individual electrodes were
measured independently when a Ni-foam reference anode was introduced [34]. This was
done to determine the most significant working potential range [35]. The potential
variations in the negative and positive electrodes were virtually slanting, with one and
two stages. These variations occurred when charging and discharging and were similar
to the CV data shown in Fig. 4. This is a result of the potential interdependence of redox
processes. PPy, a polymer capable of incorporating anions, undergoes p-doping. A
polaron is formed when a continuous movement of electrons from a neutral section of
their quinoid chains leads to a localized alteration of the positive charge [36]. The PPy
and the PPy-MnQO; electrodes performed effectively within the typical potential ranges
throughout the charge/discharge procedures (Fig. 5). In addition, the PPy-MnO; hybrid
composite electrode had the ability to operate within a working potential window of
0.25 V [35]. The specific capacitance (C), measured in Farads per gram (F/g), can be
determined from the CD curve using the following equation [33]:

IAt
T AVm @

Where: AV represents the potential window in Volts (V) (in this case, it was 0.25 V), I is
the discharge current in Amperes (A) (here it was 0.5 mA), At is the discharge time in
seconds (5s for pure PPy, 7s for PPy:10% MnO,, 11.8s for PPy:30% MnO,, and 6.5s for
PPy:50% MnO), and m is the mass of the PPy or PPy-MnO, electrode in grams (in this
case it was 0.1 mg). By incorporating 10% MnO,, the capacity of the PPy was
successfully enhanced from 125 (F/g) to 167.46 (F/g); the capacity was further raised to
236 (F/g) for 30% MnO,. However, when the MnO, content was 50%, the capacity
declined to 126.45 (F/g). This observed phenomenon can be attributed to the
electrostatic attraction between PPy nanofibers and MnO,, leading to an increase in the
surface area and, consequently, the capacitance [37, 38]. In the supercapacitor, the
oxidative polymerization procedure in PPy-MnO, nanocomposites electrode with a 1 M
H.SO, as the electrolyte achieved the greatest capacity value of 236 (F/g).
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Figure 5: Galvanostatic charge-discharge behavior of pure PPy and PPy-MnO, at different
MnQO, percentages.
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3.4.3. Electrochemical Impedance Spectroscopy (EIS)

To comprehend the charge transfer of the PPy-MnO, electrode material, an
electrochemical impedance spectroscopy (EIS) plot was conducted on the PPy samples
and PPy-MnO, nanocomposites of different MnO, percentages (Fig. 6). Nyquist plots,
shown in Fig. 6, were evaluated by applying a 5 mV AC voltage of 1 Hz to 1000 kHz
frequency range at the open circuit potential. The ohmic resistance can be determined
by measuring the real component of the impedance at the high-frequency intercept of
the semicircle. At higher frequencies, the narrow semicircle indicates a low transfer
resistance of the charge with a slight diffusion at lower frequencies. If the beeline has a
45-° slope in the low-frequency domain, it means that the mechanism was driven by
diffusion. Conversely, if the slope was 90°, it means an entirely capacitive behaviour.
The Nyquist plot exhibited a semi-circular configuration, signifying a highly proficient
transmission of electric charge. This discovery provides more evidence to support the
exceptional durability of the PPy-MnO, nanocomposite during electrochemical cycling.
This material has demonstrated promising potential for use as an electrode in
electrochemical supercapacitors [39-42].
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Figure 6: Nyquist curves of the electrochemical impedance spectroscopy of PPy and PPy-
MnO, of different MnO, percentages.

4. Conclusions

PPy nanofiber and PPy-MnO, nanocomposite were synthesized using a
straightforward technique. The combination of PPy and MnO, in a composite film is an
excellent material for the electrodes in electrochemical supercapacitors. The GCD
curves revealed that pure PPy exhibited much lower capacitance than the PPy combined
with MnO,. PPy nanofibers combined with 30% MnO, had the highest capacitance
values, reaching 236F/g. Hence, increasing the percentage volume ratio of MnO,
significantly enhanced the capacitance of supercapacitors.
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