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Abstract

This work presents the synthesis of microcomposites of polypyrrole (PPy) and zinc oxide (ZnO) in varied
weight percentages (1, 2, and 5 wt.%) for their potential in photocatalytic reactions. The properties of
composites were investigated thoroughly using sophisticated analytical techniques, viz. X-ray diffraction,
Fourier-transform infrared spectroscopy, Raman spectroscopy, Field emission scanning electron microscopy,
energy-dispersive X-ray spectroscopy, ultraviolet-visible spectroscopy, thermogravimetric analysis, and
Brunauer-Emmett-Teller analysis. The stretching vibrations of the Zn-O and N-H bonds corresponded to

distinctive band frequencies at 480 cm™" and 588 cm™’, respectively, as indicated by the Fourier-transform
infrared spectra analysis. Strong interactions between the ZnO and PPy matrix were revealed by the
widening of these bands in the composites. The improved thermal stability of the microcomposites was
demonstrated by thermogravimetric analysis. The accelerated carrier separation across the large interface
between ZnO and PPy, together with the rapid dissipation of electrons, reduces the carrier recombination in
the PPy effectively, thereby enhancing its photocatalytic property for PPy-ZnO microcomposites. The
abundance of active sites is contingent upon surface area, while the recombination processes of electron-
hole pairs are regulated by band gap energy. Among the microcomposites, PPy-2% ZnO displays a larger
band gap energy than PPy-5% ZnO and a greater surface area compared to PPy-1% ZnO. Consequently, it
boasts more active sites than PPy-1% ZnO and, simultaneously, mitigates recombination reactions more
effectively than PPy-5% ZnO. These attributes collectively contribute to a heightened degree of
photocatalytic reactions.

Categories: Catalysis and Reaction Engineering, Materials Engineering, Nano Materials
Keywords: polymer microcomposite, photocatalyst, water remediation, band-gap, rhodamine 69

Introduction

Macromolecules such as conducting polymers have been extensively studied due to their chemical stability
in electrolytic solutions, ease of synthesis, low production cost, environmental safety, high thermal stability,
and non-toxic nature [1-3].

The optical, electrical, and optoelectronic properties of polymer-inorganic composites can be enhanced
compared to those of the individual components by blending organic polymers with inorganic compounds [4-
8].

Polypyrrole (PPy) stands out as one of the most extensively studied conducting polymers due to its
attractive properties, including relatively robust environmental stability, affordability, high conductivity, and
ease of preparation [9,10]. It has been used in diverse fields such as sensors, actuators, electrodes,
electrochemical capacitors, rechargeable batteries, corrosion-resistant coatings, electrochromic devices,
varistors, fuel cell electrodes, and supercapacitors. As zinc oxide (ZnO) is a multi-functional inorganic
material bearing properties such as high oxidation activity, good transparency, high electron mobility, thermal
stability, and photosensitivity, it has emerged as an important material for potential applications in many
research areas [11-14].

The conventional photocatalyst ZnO has been widely studied due to its great photocatalytic activity.

ZnO may be significantly enhanced in its photocatalytic capabilities by combining it with other materials,
such as polymers and inorganic and organic molecules. This synergistic combination creates a more
effective photocatalytic reaction by using the unique properties of each substance. ZnO may be combined
with these materials to significantly increase its overall activity, which makes it more useful for the
photocatalytic reactions [15,16]. Polymer materials in the form of nano/microcomposites are useful due to
certain advantages such as a high surface area-to-volume ratio [15-17].

The photocatalytic uses of PPy in water remediation processes, organic pollutants, and effluents have
proven successful due to its large surface area, redox ability, adjustable band gap, m-electron conjugate
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system, and electron-hole mobility. However, the functionality of PPy is reduced due to its limited adsorption
capacity, recombination processes, and tendency to aggregate through -1 interactions. Blending of
semiconductors with the conductive network is an operational way to reduce backward recombination and
speeding up the charge transfer [18]. Conducting polymers, when used as photosensitizers, donate photon-
induced electrons to ZnO. This process preserves the holes, reducing backward recombination and
resulting in enhanced photocatalytic activity. [17,19]. Thus, PPy in good contact with ZnO at varying
concentrations would exhibit high photocatalytic performance.

In the present work, the synthesis and modification of PPy to PPy-ZnO (PZ) microcomposites through in
situ polymerization in the presence of ZnO microspheres (MSs) have been carried out. Different
concentrations of ZnO are used for tuning the threshold efficiency of the composites for photocatalytic
applications in dye degradation. A plausible mechanism for the PZ (p-n type) photocatalysis is discussed.

Materials And Methods
Materials

All chemicals such as zinc acetate dihydrate andN-cetyl-N,N,N-trimethyl ammonium bromide were
acquired from Loba Chemie Pvt. Ltd. (India). Dioctyl sulfosuccinate sodium salt (Aerosol-OT, 96%) was
purchased from Acros (Belgium). Ammonium persulfate and diethylene glycol (DEG) were procured from
Fisher Scientific (India) and SD Fine Chem. Ltd. (India). Pyrrole (98%) was acquired from Sisco Research
Laboratories Pvt. Ltd. (India). Ethanol used was of commercial grade. Pyrrole monomer was purified
before use and stored in the dark at low temperatures. Deionized (D) water was used throughout the
synthesis.

Synthesis of ZnO MSs by polyol method

ZnO spheres were synthesized through the hydrolysis of zinc acetate in DEG. To a solution of 2.195 g of
Zn(ac)2-2H-0 and 4 mM of N-cetyl-N,N,N-trimethyl ammonium bromide in 100 ml of diethylene glycol,

vigorous stirring was applied for 15 min to ensure uniformity. The resulting mixture was then refluxed at
160°C for 12 h in a silicon oil bath fitted with a heating coil and dimmerstat. Following this, the ZnO
precipitate was isolated via centrifugation, and the particles were thoroughly washed with ethanol. The
obtained ZnO powder was subsequently dried in an oven and further subjected to calcination at 400°C for 3
h.

Synthesis of PPy by chemical oxidative polymerization method

Chemical oxidative polymerization method was adopted for the synthesis of PPy. Approximately 0.1 M
pyrrole monomer and dioctyl sulfosuccinate sodium salt (AOT) were dissolved in 100 ml ethanol in a round-
bottom flask and stirred with a magnetic stirrer to obtain a homogenous solution. On the other hand, 0.3 M
ammonium persulfate (APS) was dissolved in 100 ml water and added dropwise with the help of a

Soxhlet funnel to ethanol kept under constant stirring at room temperature. As the addition of APS in
ethanol progressed, the colour of the solution gradually changed from colourless to black with precipitation.
After complete addition of APS, the solution mixture was kept under constant stirring (1,200 rpm) for further
24 h at room temperature for completion of polymerization reaction (Scheme 1, Route I). The precipitate
thus formed was collected and filtered through Whatman No. 41, followed by washing with ethanol and
finally with distilled water several times to remove excess ions and unreacted monomer. The polymer was
dried in an oven at 45°C.

Synthesis of PZ microcomposites

PZ microcomposites were synthesized via in-situ polymerization. Approximately, 0.1 M pyrrole monomer
was dissolved in 100 ml ethanol. The desired wt.% of ZnO MSs was added to the monomer solution and
stirred for 30 min to obtain a suspension (Scheme 1, Route Il). Approximately, 0.3 M APS was dissolved in
100 ml of DI water and added dropwise to pyrrole-ZnO solution through a Soxhlet at a room temperature.
The darkening of the solution indicated the formation of the polymer, and the reaction mixture was stirred for
up to 24 h. After the completion of polymerization, the black-coloured precipitate was collected and washed
with ethanol and DI water. Further, it was dried in an oven at 45°C to obtain PZ microcomposite powder.

Results

Different sophisticated analytical methods were employed to characterize all the synthesized samples.
Fourier transform infrared (FTIR) spectra were recorded on Tensor 37 (Bruker, USA) over the range of

4,000-400 cm~" at room temperature. Crystallinity of samples was determined using X-ray diffraction (XRD)
technique with a Rigaku Ultima-1V powder X-ray diffractometer with CuKp radiations (A = 1.5406 A). Field
emission scanning electron microscopy (FESEM) analysis using a Quanta FEG-450 was employed to obtain
the morphology of the samples. Energy-dispersive X-ray (EDX) spectroscopy, equipped along with FESEM,
was used to record the elemental composition and mapping images of all samples. The Thermo Fisher
Scientific SURFER instrument was used for the measurement of specific surface area (using the Brunauer-
Emmett-Teller [BET] method) and pore diameter (using the Barrett-Joyner-Halenda method). Raman
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spectroscopy was used to investigate the surface and interfacial interactions between PPy and ZnO using
laser light 532 nm as an excitation source under ambient conditions. Thermal stability of all the sample was
studied using Perkin Elmer STA6000 instrument. The absorption edge and band gap of bare and
composites were calculated using ultraviolet-visible (UV-Vis) spectra recorded on a UV-Vis
spectrophotometer (Shimadzu, Japan) within the range 200 to 800 nm.

Discussion

XRD study

Figure 7 displays the XRD patterns of ZnO, PPy, and PPy-ZnO composites with varying weight percentages
of ZnO (1, 2, and 5). The XRD pattern of ZnO exhibits prominent peaks at 26 = 31.70, 34.49, and 36.14,
confirming the microcrystalline hexagonal wurtzite crystal structure (with lattice parameters a = 3.2555 A
and ¢ = 5.1935 A), consistent with the data from the JCPDS card no. 36-1451 [20]. The absence of
additional peaks indicates the formation of a pure phase of ZnO MSs [21].
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FIGURE 1: ZnO and PPy-ZnO microcomposites with varied ZnO (1, 2,
and 5 wt.%) concentrations were examined with an X-ray diffraction
pattern.

PPy: polypyrrole, ZnO: zinc oxide, PZ: polypyrrole-zinc oxide

In the XRD pattern of PPy, a broad peak centered ~26 = 20.92 can be attributed to the repeat unit of the
pyrrole ring, suggesting high orientation of the polymer chain [20]. The broadening of this peak indicates the
amorphous nature of the polymer. As the percentage of ZnO MSs grows from 1 to 5 wt.% in the PPy-ZnO
composites, the wide peak moves towards higher 26 angles, from 20.92 to 24.01. This shift may result from
intermolecular interactions between the polypyrrole chains and ZnO MSs. On the other hand, the low
concentrations may be the reason for the lack of identifiable peaks corresponding to ZnO MSs in the
composites [22].

FTIR analysis

FTIR spectroscopy served to explore the structural properties of the materials. In Figure2, the FTIR spectra
of ZnO, PPy, and their composites are presented. ZnO MSs exhibit characteristic bands at 480, 557, and

3,412 cm ' in their spectra. The stretching vibration modes of the Zn-O bond manifest at 480 and 559

cm~'. The broad band observed at 3,428 ! likely arises from moisture adsorbed onto the oxide's
surface [23]. In the FTIR spectra of PPy and PPy-ZnO composites, bands appear at 3,220, 2,960, 1,704,

1,604, 1,208, 1,040, 794, and 586 cm~'. The wide band at around 3,220 cm! corresponds to the N-H

stretching vibrations, while the peak at 586 cm™! represents the N-H in-plane deformation of the PPy ring.
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The band at 2,960 cm™! is attributed to the symmetric stretching of the -CH, groups. The stretching

vibrations of the PPy ring's C=C and C-C bonds are observed at 1,704 and 1,604 cm™, respectively.

Additionally, the bands at 1,208, 1,040, and 794 cm™! correspond to the stretching vibrations of the C-H and
C-N bonds, as well as the out-of-plane ring deformations [24,25].

PPy - 5% ZnO

PPy - 2% ZnO

PPy -1% Zn0O

Transmission (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

FIGURE 2: FTIR spectra of ZnO, PPy, and PPy-ZnO microcomposites.

FTIR: Fourier-transform infrared, ZnO: zinc oxide, PPy: polypyrrole

The band in the PPy FTIR spectra that emerges at 586 entin PPy-ZnO (1, 2, and 5 wt.%) is shown to be
extended, indicating that strong interactions between PPy and ZnO MSs persist and lead to a change in
polymer conformation [26].

Raman analysis

Raman analysis was utilized to explore the intermolecular interactions between ZnO microstructures (MSs)
and the PPy chain. In Figure 3, the Raman spectra of ZnO, PPy, and PPy-ZnO composites are depicted
within the frequency range of 600 to 1800 cm™". Distinctive Raman bands are evident in the ZnO spectra,
appearing around 328, 438, and 586 cm™! (Figure 3a). Notably, a second-order Raman band emerges near

328 cm™'. The pronounced, high-intensity sharp band (E2H) at approximately 438 e’ signifies the
characteristic hexagonal wurtzite structure of ZnO, indicating its excellent crystallinity. Moreover, the band

observed at 586 cm™ is linked to oxygen vacancies within ZnO[27]. In the Raman spectrum of PPy
(Figure 3b), the ring stretching mode of the polymer backbone and its T conjugated structure manifest as

peaks at approximately 1,570 and 1,323 cm™, respectively. The presence of the quinoid polaronic and

bipolaronic structure is indicated by a minor peak at 934 cm™", while the peak at 1,045 cni! corresponds to
the C-H in-plane deformation [26,28].
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FIGURE 3: Raman spectra of (a) ZnO and (b) PPy and PPy-ZnO (1, 2, and
5 wt.%) microcomposites.

ZnO: zinc oxide, PPy: polypyrrole

The peak in PPy that appears at 1,570 cnt ' is observed to be displaced to higher frequencies (1,578,

1,577, and 1,588 cm‘1) in microcomposites that include 1, 2, and 5 wt.% of ZnO, respectively. This shift
confirms that ZnO is encapsulated in the PPy matrix and is ascribed to the conjugational interactions
between ZnO and PPy [29].

Studies of optical properties

The UV-Vis absorption spectra of PPy and PPy-ZnO microcomposites with varied concentrations of ZnO
are depicted in Figure 4. ZnO, as a semiconductor, exhibits a band edge at 354 nm, while PPy shows a
band edge at 651 nm attributed to m-* electronic transitions [30]. With an increase in ZnO content within
the microcomposites, a band edge emerges between the two materials, shifting towards longer
wavelengths. Notably, even minute concentrations (1, 2, and 5 wt.%) of ZnO induce a noticeable shift in
wavelength from 651 to 490 nm, as depicted in Figure 4.
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Sr. No. Sample

1 ZnO

2 PPy

3 PPy-1% ZnO
4 PPy-2% ZnO
5 PPy-5% ZnO

490 514 s5p9 (a) ZnO
651 (b) PPy
(c) PPy-1% ZnO
(d) PPy-2% ZnO
(e) PPy-5% ZnO

Absorbance (a.u.)

800 1200 1600
Wavelength (nm)

400
FIGURE 4: Ultraviolet-visible absorption spectra of ZnO, PPy, and PPy-

ZnO (1, 2, and 5 wt.%) microcomposites.

ZnO: zinc oxide, PPy: polypyrrole

The reason for this may be the effortless transfer of p electrons from PPy to the electronic bands of ZnO,
which suggests strong interactions between the two. From the Tauc's plot (Figure 5), the optical band gaps
of ZnO, PPy, and PPy-ZnO (1, 2, and 5 wt.%) microcompites have been determined using Equation (1):

(h2=(h -Eg) (1)

where A is a constant, o is the optical absorption coefficient, hv is the photon energy, and Eg is the optical
band gap. The calculated band gap energy values are given in Table 7.

Absorption band (nm) Band gap (eV)
351 3.16
651 0.92
490 1.44
514 1.33
569 1.12

TABLE 1: Absorbance edges and band gap energies for ZnO, PPy, and PPy-ZnO microcomposites

ZnO: zinc oxide, PPy: polypyrrole
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FIGURE 5: Optical band gap for ZnO, PPy, and PPy-ZnO (1, 2, and 5
wt.%) microcomposites.

ZnO: zinc oxide, PPy: polypyrrole

ZnO and PPy have optical band gaps of 3.16 and 0.92 eV, respectively, as noted from Table’. In contrast,
for composites, it is observed that the band gap rises with the weight percentage of ZnO relative to PPy.
This demonstrates unequivocally that ZnO is important and influences the interfacial properties of PPy-ZnO
composites.

Morphological and compositional analysis

Morphological tuning is a useful technique for directing the characteristic properties of material and
capabilities in a variety of application domains. The physical and chemical qualities of materials are
determined by their surface and morphological modification, which ultimately determines their suitability and
practicality. Therefore, it becomes essential to comprehend particle form and behavior. The surface
morphologies of ZnO, PPy, PPy-1% ZnO, PPy-2% ZnO, and PPy-5% ZnO composites are displayed in
Figure 6a-e, respectively.

As seen in Figure 6, PPy and pure ZnO MSs exhibit a semi-uniform spherical shape, which is superior than
that seen in the previous literature [24,31-32]. The ZnO micrographs were observed with the size varying
between 0.2 and 0.6 pm and the average particle size of 0.4 ym (Figure 6a).
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FIGURE 6: FESEM micrographs of (a) ZnO, (b) PPy, and (c-e) PPy-1%
ZnO, PPy-2% Zn0, and PPy-5% ZnO microcomposites.

ZnO: zinc oxide, PPy: polypyrrole, FESEM: field emission scanning electron microscopy

The FESEM micrographs of the original PPy and the PPy-1% ZnO, PPy-2% ZnO, and PPy-5% ZnO
composites are exhibited in Figure 65-e, respectively. An increase in the weight percentage of ZnO is
noticed in the compactness between the particles. This suggests that there are more robust interactions

between ZnO and PPy. Table 2 provides the distribution of particle sizes as well as the average particle
size.
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Sr. No. Sample

1 PPy-1% ZnO
2 PPy-2% ZnO
3 PPy-5% ZnO
4 Zn0O

5 Polypyrrole

Average particle size (um) Particle size distribution (um)
0.43 0.2-0.75
0.34 0.2-0.45
0.32 0.2-0.41
0.39 0.2-0.55
0.41 0.2-0.65

TABLE 2: Particle size distribution and the average particle size observed for ZnO, PPy, and PPy-

ZnO microcomposites

ZnO: zinc oxide, PPy: polypyrrole

The table reveals that as the concentration of ZnO in the composites increases, there is a decrease in
particle size distribution. This is probably because, when there are fewer ZnO particles present (1 wt.%
Zn0) during polymerization, a larger amount of polymer tends to deposit onto each individual ZnO particle.
However, at higher concentrations (2 and 5 wt.% ZnO), where a greater number of particles are present
during polymerization, the amount of polymer surrounding each particle diminishes, resulting in a decrease
in the average particle size distribution [20].

EDX analysis

The elemental mapping images (EDX) of PPy-1% ZnO, PPy-2% ZnO, and PPy-5% ZnO microcomposite
are shown in Figure 7. The presence of C, N, Zn, and O can be seen from the EDX images. The elemental
compositions of the PPy-ZnO composites are given in Table 3.
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PPy-1% ZnO

FIGURE 7: The elemental mapping images of PPy-ZnO (1, 2, and 5 wt.%)

microcomposites.

ZnO: zinc oxide, PPy: polypyrrole

2024 Satpal et al. Cureus J Eng 1 : e4. DOI 10.7759/4

100f 18


https://assets.cureusjournals.com/artifacts/upload/figure/file/1769/lightbox_b646cdf05c7411ef8161a7b377dd8bc2-EDS.png

Cureus Journal of Engineering

Atom (wt.%)

Sr. No. Composites

Zn O N C
1 PPy-1% ZnO 0.45 36.19 10.08 53.28
2 PPy-2% ZnO 0.86 29.19 11.18 58.77
3 PPy-5% ZnO 1.4 36.08 12.07 50.45

TABLE 3: Elemental compositions obtained for PPy-ZnO (1, 2, and 5 wt.%) composites from EDX
analysis

ZnO: zinc oxide, PPy: polypyrrole, EDX: energy-dispersive X-ray spectroscopy, C: carbon, N: nitrogen, Zn: zinc, O: oxygen

Thermogravimetric analysis
Thermogravimetric analysis was used to elucidate the thermal behaviour of PPy and composites containing
varying weight percentages of ZnO (1, 2, and 5 wt.%) in an N, environment. The thermograms of all the

samples are shown in Figure 8. Except ZnO, all thermograms depict the minor initial weight loss of around
10-12% between room temperature and 100°C, followed by a two-step fast loss that occurs between 100°C

and 750°C.
100
80 -
n
7]
o
— 60-
=
2
°" 40-
Zn0O
——PPy
201 ppy-1%zno
= PPy-2% ZnO
od — PPy-5% ZnO
150 300 450 600 750 900

Temp (°C)

FIGURE 8: TGA curves of ZnO, PPy, and PPy-ZnO (1, 2, and 5 wt.%)
microcomposites in N2 atmosphere.

Zn0: zinc oxide, PPy: polypyrrole, TGA: thermogravimetric analysis

The evacuation of moisture that had been adsorbed on the surface of samples is responsible for the initial
little weight loss. The fast weight loss in the next phases is caused by the loss of dopant ions, the thermal
oxidative breakdown of smaller polymer fragments, and, in the case of composites, the full degradation of
PPy with very little residue [33]. The high thermal stability of ZnO and strong interactions between PPy and
ZnO can lead to an improvement in thermal stability and a shift in the decomposition temperature of
composites. Indeed, ZnO is a stable oxide, and weight loss is expected to be limited to traces of adsorbed
water molecules.
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Surface area analysis (BET)

As observed from Table 4, ZnO has the lowest surface area, and PPy has the greatest surface area. When

it comes to composites, the surface area of the PPy/1 wt.% ZnO composite is even smaller at 6 m? g‘1 than

that of ZnO (8 m? g™"), and it further shows increases at 2 and 5 wt.% of ZnO, respectively.

These findings suggest that despite being present in small concentrations within the composites, the
surface area is primarily influenced by ZnO. This conclusion finds support in the FESEM analysis, which
illustrates a reduction in particle size corresponding to the increase in wt.% of added ZnO.

Sample PPy ZnO PPy-1% ZnO PPy-2% ZnO PPy-5% ZnO

Surface area (m?/g) 14 8 6 9 10

TABLE 4: Specific surface area of pristine ZnO, PPy, and PPy-ZnO composites (1, 2, and 5 wt.%)

ZnO: zinc oxide, PPy: polypyrrole

Photocatalytic activity of pure PPy, ZnO, and PPy-ZnO
microcomposites

The activity of ZnO as a catalyst is dependent on specific wavelengths of light, often in the UV range. This is
because ZnO has a wide band gap (~3.16 eV) that requires UV light to generate electron-hole pairs
necessary for the photocatalytic reactions. Hence, photocatalytic degradation of R6G was performed under
UV light source (UVA, 320-400 nm, Philips) in the presence of ZnO, PPy, and PPy-ZnO (1, 2, and 5 wt.%)
microcomposites. The aqueous suspension of R6G was prepared by adding 30 mg of pure PPy
photocatalyst into optimized 2.5 x 1072 M R6G solution. UV light irradiation was carried out in a quartz cell
attached with a cooling jacket to avoid the thermal degradation. At known time intervals, the decomposed
dye aliquot was withdrawn, followed by centrifugation. The decreased concentration of R6G was measured
in terms of absorbance at 526 nm using a UV spectrophotometer. The photodegradation efficiency of the
composites was calculated according to Equation (2):

Co— Cy
Degradation efficiency = ¢ x 100 2

where C and C; are the concentrations of dye at initial time and at time ‘t, respectively.

The photocatalytic degradation of an aqueous solution of organic dye is a first-order reaction, and its rate
constant was calculated by Equation (3), as follows:

C=Coxe™ (@)

where k is the rate constant, and CO and C are the initial concentration and concentration at the reaction
time ‘), respectively.

The possible photocatalytic reaction mechanism is illustrated in Figure9.
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FIGURE 9: Schematic representation of carrier separation and transport
mechanism at the PPy-ZnO interface.

ZnO: zinc oxide, PPy: polypyrrole

The photocatalytic mechanism of p-n type PPy-ZnO microcomposite is shown in Scheme 2, and conversion
reactions are as follows:

Zn0O + hv — ZnOe + ZnOel,
PPy + hv — PPye_ + PPye},

ZnOc¢f, Transform PPyef, =+Zn0Oe}, + PPyef, (hole carrier)

PPye,, Transform ZnQOe —Zn0Oey + PPye,, (electron carrier)

e+ 02— Oy (electron trapping)
H,O — H" +OH~

Oy + HY — 00H

OOH + H* + e — Hy0,
HyOs + €5 — OH + OH™
W+ HyO — HY + OH-
B+ OH™ — OH

OH + R6G — CO2 + HyO

(degraded products)

ZnO absorbs UV light of a wavelength below 400 nm due to a wide band gap and is mostly transparent to
visible light, while PPy absorbs light in the visible region due to short band gap. Photocatalytic dye
degradation ability of ZnO, PPy, and PPy-ZnO (1, 2, and 5 wt.%) microcomposites with respect to time is
shown in Figure 70, and its rate constants are given in Table5.
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Sr. No. Photocatalyst

1 ZnO
2 PPy
3 PPy-1% ZnO
4 PPy-2% ZnO
5 PPy-5% ZnO

Time required for degradation (min)

Photocatalytic degradation (%)

Rate constant (k) (min™)

180 68.68 2.326 x 102
180 49.82 1.524 x 1072
06 93.04 7.446 x 102
06 98.19 3.035 x 107!
13 80.34 2.090 x 1073

TABLE 5: Photocatalytic degradation capability and the rate constants of ZnO, PPy, and PPy-ZnO

microcomposites

ZnO: zinc oxide, PPy: polypyrrole

PPy with a much smaller band gap cannot generate carriers effectively under UV light. As a result,
photogenerated electrons and holes recombine rapidly. This was confirmed by demonstrating the very low
photocatalytic activity by PPy up to only 49.82% in 180 min. Pure ZnO shows 68.68% catalytic activity. The
combination of PPy and ZnO MSs at 1, 2, and 5 wt.% concentration attained a more significant
photocatalytic property than either material alone owing to the highly reduced recombination ratio [34]. The
rate of degradation in a photocatalytic reaction is usually faster at the start and slows down over time due to
several factors. Initially (for the first minute), the high concentration of reactants undergoes rapid interactions
with the photocatalyst, resulting in degradation. As time progresses, the concentration of reactants, as well
as the number of active sites on the catalyst, decreases, leading to slowing down of the reaction.
Additionally, active sites on the photocatalyst's surface may be blocked by intermediate products, reducing
their availability. There is no catalyst poisoning during the degradation process. Intermediate products also
compete with original reactants for active sites, further decreasing the rate. Finally, light absorption
efficiency decreases as intermediates form and solution properties change, such as increased turbidity,
which scatters or blocks light, resulting in a decrease in the degradation rate.

As observed from Figure 70 and Table 5, the amount of dye degraded in the presence of ZnO is ~68.68%.
Among all the microcomposites, PPy-2% ZnO shows the highest photocatalytic activity with 98.19%
degradation of dye in only 6 min, while PPy-1% ZnO and PPy-5% ZnO exhibit 93.04% and 73.51%
degradation, respectively, in the presence of UV light. The photocatalytic property of PZ-2 sample is
observed to be enhanced by more than ~25% compared to bare ZnO and other composites [35]. PPy-2%
ZnO composite show high rate constant as it exhibits the highest photocatalytic activity.
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FIGURE 10: Photocatalytic degradation of rhodamine 6G as a function
of time in the presence of ZnO, PPy, and PPy-ZnO (1, 2, and 5 wt.%)
microcomposites under the UV light irradiation.

ZnO: zinc oxide, PPy: polypyrrole, UV: ultraviolet

Although these results are contrary to the specific surface area, the results are governed by the density of
ZnO present in the microcomposites [36]. These results can be explained on the basis of surface area and
band gap energies of the samples, which appear to be the competing factors in the photocatalytic reactions.
The surface area contributes to the number of active sites, while band gap energy controls the electron-hole
pair recombination reactions. As observed from the results, PPy-2% ZnO has band gap energy higher than
PPy-5% ZnO and higher surface area compared to PPy-1% ZnO. Hence, it bears higher number of active
sites compared to PPy-1% ZnO, and, at the same time, it efficiently reduces the degree of recombination
reactions compared to PPy-5% ZnO, both the factors contributing towards higher degree of photocatalytic
reactions [37].

The lack of a consistent trend in the degradation percentage with 1%, 2%, and 5% ZnO loading could be
due to several factors. As seen from the results, the addition of just 1% of catalyst leads to an increase of
more than 20% in degradation compared to pristine ZnO, and the degradation is almost 98% in the
presence of 2% catalyst, which is close to 100%. Further addition of 5% does not show an increase in
degradation since a negligible amount of dye molecules are left in the solution. In fact, it leads to a
decrease in the percent degradation, which might be due to particle agglomeration and light scattering,
thereby reducing the effective light absorption ability. Also, higher concentration of catalyst may promote an
increase in the recombination rate of photogenerated electron-hole pairs, which lowers the photocatalytic
efficiency. These combined effects result in non-linear and inconsistent degradation percentage at higher
loading levels of ZnO.
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Atfter collecting the catalyst from the reaction mixture, it was submerged in a solvent and then sonicated to
evaluate whether the dye could be adsorbed or absorbed onto the photocatalyst. The absence of dye
separation from the catalyst is noteworthy as it suggests that the dye molecules were not adsorbed or
absorbed onto the catalyst surface [38]. This finding highlights the photocatalyst's effectiveness in promoting
the breakdown of dye pollutants without enduring major interactions that could compromise its catalytic
activity.

Reusability study of microcomposites

The reusability of PZ photocatalysts (with 1 wt.%, 2 wt.%, and 5 wt.% ZnO) was assessed under consistent
conditions. After the first cycle of photocatalytic reactions with R6G in an aqueous solution, the
photocatalysts were carefully collected. Following a simple washing and drying process, these
photocatalysts were reused for additional three cycles under similar conditions. As shown in Figure 77, in
the case of PZ-1 and PZ-5, dye degradation decreased by 2-4% in subsequent cycles, while it is only ~2%
in the case of PZ-2 microcomposite.

100 I 15t Cycle
i 96.43 95.72 [ ]2™ cycle
| [ 3 Cycle
80 -
: L
=}
® 60 -
©
e
=]
[+}]
Q 40
X
20 -
0 - .

PZ-1 PZ-2 PZ-5

FIGURE 11: Percent degradation of R6G dye in three consecutive cycles
in the presence of PZ nanocomposites.

R6G: rhodamine 6G, PZ: polypyrrole-zinc oxide

These results indicate that the PZ-2 photocatalyst retained higher efficiency in dye degradation process
compared to PZ-1 and PZ-5 microcomposites. However, further work is needed to improve the process of
recollection of catalyst after photocatalytic reactions.

Conclusions

Microcomposites comprising PPy-ZnO with low concentrations of ZnO (1, 2, and 5 wt.%) were successfully
synthesized using chemical oxidative polymerization. In the FTIR spectrum of PPy-ZnO composites, distinct
Zn-O and N-H stretching vibrations appeared at 480 and 3207 cm-1, indicating effective interlinking
between PPy and ZnO. Introduction of ZnO MSs into the PPy matrix resulted in peak shifts in the XRD
patterns, signifying intermolecular interactions between ZnO MSs and the PPy matrix. Morphological
analysis revealed a compact spherical structure, with EDX analysis confirming the presence of C, N, Zn,
and O elements, thus validating the incorporation of ZnO within the PPy matrix. Moreover, the thermal
stability of PPy-ZnO composites surpassed that of pure PPy and exhibited a consistent increase with higher
amounts of ZnO. UV-Vis spectra showed a shift in the band edge of PPy-ZnO composites towards higher
wavelengths with an increase in ZnO wt.%, which is attributed to electron delocalization, supporting strong
interactions between ZnO MSs and the PPy matrix. Among the PPy-ZnO microcomposites, enhanced
photocatalytic performance stemmed from synergistic interactions. Accelerated separation of charge
carriers across the extensive ZnO-PPy interface facilitated swift electron transfer, minimizing carrier
recombination within the PPy matrix and optimizing efficiency. Consequently, the photocatalytic property of
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PPy-2% ZnO significantly boosted up by more than ~25% compared to bare ZnO, and these results are
found to be superior to previous reports.
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