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Abstract

The paper reports the analysis of the morphology, crystalline structure, and thermoelectric
properties of a PolyPyrrole (PPy)/Agaricus bisporus (AB)/Zinc Oxide (ZnO) composite material
intended for thermoelectric applications. Pure PPy and PPy/AB/ZnO composites with 10%, 20%,
and 30% AB/ZnO were synthesized by in situ chemical oxidation method. The morphological
structure and crystal structure are studied using Scanning Electron Microscope (SEM) and X-ray
Diffraction spectroscopy (XRD) respectively. The images of SEM reveal that PPy exhibits a
spherical continuous chain structure, ZnO with granular morphology, and the PPy/AB/ZnO
composites display a blend of porous and granular structures. XRD analysis, performed over the
10°-80° range, indicates that pure PPy is amorphous, while the PPy/AB/ZnO composites are semi-
crystalline. ZnO is confirmed to have a wurtzite hexagonal structure. Thermoelectric
measurements conducted from room temperature to 100°C show that the Seebeck coefficient and
power factor are highest for the PPy-10AB/Zn0O composite, with values of approximately 61 pV/K
and 573 pV/m-K2, respectively. Although its electrical conductivity is lower compared to other
composites, the study demonstrates that the PPy/AB/ZnO composites exhibit properties
comparable to those of existing lead-based thermoelectric materials. Consequently, these
composites are environmentally friendly and show promise as alternatives in thermoelectric
applications.
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Introduction

Analytical studies show that global energy is misspent as waste heat, underscoring the urgency for
advancements in energy utilization. The need for efficient thermoelectric (TE) materials, capable
of converting heat into electrical energy and vice versa, has garnered significant attention across
the globe [1]. The need for eco-friendly material which is suitable for broad temperature ranges is
in high demand. A key metric, the dimensionless figure of merit (ZT), serves as a benchmark for
thermoelectric performance, with ZT=(a?c/x) T. Achieving a high ZT necessitates maximizing
both the Seebeck coefficient (a) and electrical conductivity (o), while minimizing thermal
conductivity (k) to sustain the temperature differential driving the Seebeck effect [2-4].
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In contemporary times, there's a growing focus on polymeric thermoelectric (TE) composites as
potential alternatives to semiconductors like Bi;Tes and PbTe. Polymers offer versatility,
flexibility, excellent processability, and cost-effectiveness. However, polymer composites often
exhibit subpar TE performance due to their limited electrical conductivity (o). To address this
issue, incorporating conductive fillers into polymer matrices can enhance their . Among
conducting polymers, polypyrrole (PPy) has emerged as a particularly promising candidate for TE
materials. Conducting polymers like PPy typically exhibit lower k, simpler processability,
flexibility, abundance, and lower manufacturing costs compared to semiconductor-based
thermoelectric materials [5-8]. Carbon-based fillers are known to increase the performance of the
thermoelectric materials. Therefore, we have chosen Agaricus biporus (Edible Mushroom) cap
activated carbon black as filler. On the other hand, ZnO possesses a distinctive property that have
surged in utilization as optoelectronic materials, sensors and as energy convertible materials [9-
10].

This novel material PPy/AB/ZnO composites are environmentally friendly and show promise as
alternatives in thermoelectric applications.

Methodology
I. Synthesis of Polypyrrole

Polypyrrole was synthesized via an in situ chemical oxidation method. Initially, pyrrole with a
molar ratio of 0.3 M was mixed with 100 ml of distilled water in a round-bottomed flask containing
a magnetic stirrer. The flask was then placed on an ice-filled tray to maintain a temperature range
of 0 °C -5 °C. Subsequently, 0.6 M of ammonium persulfate (APS), an oxidizing agent, was
dissolved in 100 ml of distilled water and added dropwise to the pyrrole solution from a burette.
The reaction proceeded for 5 hours while maintaining the temperature between 0 °C and 5 °C.

Following the reaction, the black precipitate formed was purified by washing with acetone and
filtration using a vacuum pump. The resulting precipitate was then dried in a hot air oven set to
100 °C. After reaching the desired temperature, the oven was turned off, and the sample was left
overnight to ensure thorough drying.

The yield of the polypyrrole sample, measured using a digital weighing balance, was found to be
5 g considering it to be 100% weight percentage.

I1. Carbonozation of Agaricus biporus (Edible mushroom)

The mushroom purchased from the local vendor is washed with distilled water to remove dirt. It
is then cleaned with acetone for further purification. The mushroom cap is separated and dried in
a hot air oven at 100 °C for 24 hours for the removal of water content in it. The complete dried
sample is crushed to fine powder using mortar and pestle. The sample is preserved in an air-tight
container for further studies. Figure 1 shows the carbonization of mushroom cap.
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Fig l.a. 1.b. 1.c 1.d

1.a Raw Mushroom, 1.b. separation of Mushroom cap,1.c Dried Mushroom at 100 °C for 24 hours,
1.d. Crushed and powdered mushroom

I11. ZnO powder
ZnO powder (99% pure) was purchased from Aldrich (LR grade) and used as in its form.
IV. Synthesis of Polypyrrole/AB/ZnO composite material

PPy/AB/ZnO composites were synthesized using the in situ chemical oxidation method. Initially,
pyrrole with a molar ratio of 0.3 M was mixed with 100 ml of distilled water in a round-bottomed
flask containing a magnetic stir bar. The flask was then placed on an ice-filled tray atop a magnetic
stirrer set to 400 rpm. Meanwhile, 0.6 M of ammonium persulfate (APS) dissolved in 100 ml of
distilled water was prepared in a burette and added dropwise to the pyrrole solution.

Subsequently, 10% weight percent of AB and ZnO (assuming pyrrole weight as 100% weight
percentage) powder was added to the mixture. The reaction proceeded for 5 hours at a temperature
maintained between 0 °C and 5 °C. The resulting black precipitate was purified with acetone,
filtered using a vacuum pump, and dried in a hot air oven at 100 °C for 3 hours. The dried powder
was then subjected to a muffle furnace for 2 hours, ground, and stored for further analysis.

The yield of the PPy/AB/ZnO composite was measured and found to be 3.2 g. The same procedure
was repeated with varying weight percentages of AB/ZnO powder (20%, 30%) added to PPy to
obtain PPy/AB/Zn0O-20, PPy/AB/Zn0O-30 composites, respectively.

Characterization
1.SEM Analysis

The morphology of the samples was examined using a Scanning Electron Microscope (SEM),
(Vega3 TESCAN). Figure 2. a-d presents SEM micrographs depicting pure PPy, pure AB, pure
Zno and PPy/AB/Zn0-30% composites. The SEM images reveal that PPy has a spherical structure,
while pure AB has porous, and pure ZnO has granular structures while PPy/AB/Zn0O-30%
composites show agglomerated structures with voids.

Furthermore, it is evident from the images that as AB/ZnO particles are incorporated into the PPy
chain, more clusters of PPy form, accommodating the particles. Consequently, this leads to a
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reduction in the length of the polymer chain along with a decrease in the volume fraction. These
observations confirm the formation of PPy/AB/ZnO composites.

¢. SEM image of ZnO powder d. SEM image of PPy/AB/Zn0O - 50% composites
2. XRD analysis

The crystal structures of PPy, AB, and PPy/AB/ZnO composites were investigated using an X-ray
diffractometer (XPERT-3). The analysis was conducted at a 28 angle ranging from 10° to 80° with
a step-wise variation of 0.03° in continuous mode. Copper K-alpha X-rays with a wavelength of
1.54 A were employed for the analysis. The XRD images of the compounds are shown in Figure
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3. From the image, it is observed that XRD of pure PPy has an amorphous structure, with a smooth
hump at 25°. The composites of PPy/AB/Zn0O are also displayed. The following table shows the
peak position and their d-spacing for both PPy/AB/ZnO —20 and PPy/AB/Zn0O-30 composites.

Table 1: D-spacing of PPy/Ab/ZnO composites

Compound Peak Position d-Spacing (A)
PPy-20 ZnO-AB 43.6965° 2.06987A
48.993° 1.85776A
51.0742° 1.78684A
72.5225° 1.30235A
75.5855° 1.25700A
PPy-30 ZnO-AB 43.7349° 2.06814A
49.0712° 1.85499A
51.2688° 1.7805A
72.5269° 1.30228A
75.2894° 1.26121A
% PPy-30 ZnO-AB (004)
% PPy-20 ZnO-AB
% Pure - PPy (102)

Intensity(a.u)

N

10 20 30 40 50 60 70 80
20(degrees)

Fig.3. XRD spectrum of Pure and PPy-ZnO-AB composites
Pellet Preparations

The pellets of pure PPy and PPy composites were fabricated using 0.15 g of powder each. The
powder was placed into a die and compressed with a hydraulic press under 10 tons of pressure.
The thickness of the resulting pellets was measured with a digital screw gauge, showing a range
from 1.542 mm to 1.605 mm. These pellets were then employed to investigate the thermo-electric
properties of the materials.
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The thermal behavior of the samples was studied from room temperature to 100 °C using two
probe thermo couple apparatus at constant current of ImA.

3. Thermal Studies
i. Study of Electrical conductivity of the sample.

The study of electrical conductivity gives the insight about the transportation of the charge
carriers. It also gives the information about the nature of the material. In our study, we have studied
the variation of electrical conductivity at constant current. The variation of voltage with respect to
temperature is recorded and then the electrical conductivity of the sample is calculated using the
formula

R(iA ......................... 1)

Where d is the thickness of the sample in m, R is the resistance of the sample in Q, A is the arca
of the sample in m?.

g =

The plot of variation of electrical conductivity with temperature is shown in the figure 4.
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Fig.4. Electrical conductivity of PPy/AB/ZnO composites

From Figure 4, we observe that electrical conductivity is high in the room temperature and
decreases and becomes almost constant at high temperatures. The reason attributed is that the
vibration of metal ion (ZnO) increases with temperature which intern decreases the conductivity,
also the majority of the charge carriers may already be excited leading to saturation point beyond
which there is no significant increase in the carrier concentration.

ii. EMF studies

A material's Seebeck coefficient (also known thermoelectric power, and thermoelectric sensitivity)
is a measure of the magnitude of an induced thermoelectric voltage in response to a temperature
difference across that material. We have studied the variation of EMF generated with increase in
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temperature. The setup used for the measurement is shown in figure 5. One apparatus was set to
room temperature while the other recorded temperature variations. The current was fixed at 1 mA

and voltage changes were measured for each degree raise in the temperature.

Voltmeter (mv) Ammeter(mA)

@a» Thermal sensor

Fig. 5. Schematic diagram of thermos electric measurement apparatus
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Figures 6.a, b, ¢ and d show the variation of voltage with respect to temperature. Inset shows the
linear fit plots of the respective compound. The plots reveal that all compound PPy and
PPy/AB/ZnO composites show n-type semiconductors up to 80 °C, beyond which it flips to p-type
semiconductor. The reason attributed is that, as the temperature increases, the charge carrier
diffusion and phonon drag takes place. Also, the influence of ZnO will contribute electrons which
becomes the majority charge carriers [11-13].

iii. Seebeck Coefficient and power factor studies of PPy-AB/ZnO composites

The efficiency of energy conversion relies on the thermoelectric materials used. The Seebeck
coefficient was calculated for 5°C difference in the temperature using the formula as given in eq

).
S=-AV/IAT )

Where S is the Seebeck coefficient is volts per kelvin (uV/K), AV (mV) and AT (K) are the voltage
and temperature difference respectively. The power factor is calculated using the eq (3)

PF=S’c (3)
Where S is the seebeck Coefficient (WV/K) and ¢ is the electrical conductivity (S-m™)

Figures 7 and 8 are the plots of Seebeck Coefficient and power factor of PPy/AB/ZnO composites
respectively. From the plot 7, we observe the increase in Seebeck coefficient with temperature.
The reason is attributed as the result of the introduction of additional interfacial energy barriers in
the grafted conducting network, which inhibit low-energy carriers from moving across the
interfaces. Potential energy barriers at the interfaces preferentially allow high-energy carriers to
pass through, resulting in enhanced scattering of low-energy carriers [14-18]. Figure 8 is the plot
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of power factor variation with temperature. From the plot we observe that PPy-10AB/Zn0O has
higher power factor when compared to PPy-20AB/Zn0O and PPy-30AB/Zn0O. The highest power

factor at 373k for PPy-10AB/ZnO is 570pW/mk®.
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Fig.7. Seebeck coefficient of PPy/AB/ZnO
composites with temperature

Fig.8. Power factor PPy/AB/ZnO
composites with temperature

iv. Figure of merit studies

The performance of these materials is quantified by a dimensionless parameter called the figure of
merit (zT), The corresponding formula is given by

ZT=s%oT/k %)
where S represents the Seebeck coefficient, o denotes the electrical conductivity, Tis the
absolute temperature, and k stands for thermal conductivity.

0.14 7 —Q— PPy-10AB/ZnO|

—@— PPy-20AB/ZnO
—@— PPy-30AB/Zn0O

0.12 4

= 0.10 4

N

0.08

0.06

T T T T
340 350 360 370

Temperature (k)

T T T
310 320 330 380

Fig.9. ZT variation of PPy/AB/ZnO composites with temperature
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Figure 9 shows the figure of merit (zT) as a function of temperature for all the prepared samples.
For each composite, the zT value increased gradually with temperature. The highest zT observed
was 0.12 at 373 K for the PPy-10AB/ZnO composite. This increase could be attributed to reduced
agglomeration and the enhanced surface area resulting from the incorporation of AB, which is
highly porous [18-20].

Conclusion

We have successfully synthesized the compound viz pure PPy, PPy/AB/ZnO composite using in
situ chemical oxidation method. The SEM and XRD of the compounds reveal spherical/
fibrous/Agglomerated structures for pure PPy/ pure AB/ PPy/AB/ZnO composites respectively.
XRD of AB shows peaks revealing the presence of metallic compounds in the mushroom cap and
the composites of PPy/ AB/ZnO composites show a semi-crystalline structure. The Seebeck
coefficient measurements, taken from room temperature to 100 °C, show that up to 80 °C, the
material behaves as an n-type semiconductor, and beyond that temperature, it transitions to a p-
type semiconductor. Among the samples, the PPy-10AB/ZnO composite demonstrates superior
performance, with a Seebeck coefficient of 61 pV/K, a power factor of 570 uW/mK?, and a figure
of merit of 0.12 373k. PPy-based composite could serve as an effective polymeric thermoelectric
material, offering an environmentally friendly alternative to lead-based composites.
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