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ABSTRACT

The goal of this study is to better understand the effect of grinding on the Eg of polypyrrole (PPy)/commercial graphene
nanoplatelets (xGnP) composites with varying amounts of xGnP. The Eg for direct transition as a function of the xGnP amount
was calculated from the Tauc plot. While the average particle size of the composites decreased between 6% and 30%, there
was a slight decrement in the Egs. These values changed between 4.02 to 3.87 eV with the increasing amount of xGnP before
grinding, and they reached between 3.97 to 3.88 eV after grinding. Moreover, it was determined that the Eu was inversely
proportional to Eg. These findings suggest that the PPy/xGnP composites could be suitable for several applications, such as
photocatalytic and optoelectronic.
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1. INTRODUCTION

Polymeric semiconductors are frequently used in application areas such as transistors [1],
electrochromic materials [2], photocatalysis [3], batteries [4], supercapacitors [5], corrosion [6], and
biomedical devices [7] due to their superior properties. Among them, PPy is a well-known conjugated
polymer that has been the focus of many studies due to its easy synthesis, good electrical properties,
biocompatibility, low oxidation potential, chemical and environmental stability, large surface area,
satisfying specific capacitance, processability, strong absorption spectral range and low cost [7-10].
However, the spherical polymer particles, which are easy to agglomerate, and their relatively low
mechanical strength limit PPy usage for several applications. These problems can be overcome by
preparing composites/nanocomposites of PPy with various carbon-derived materials [9,11]. Moreover,
electrical and optical properties can be improved owing to the fast and easy electron/ion transfer that
can be obtained with the contribution of a carbon network with high carrier transport mobility such as
graphene [12]. Graphene modification of the PPy main chain is expected to control the interchain
interaction and make this material, which acts as an electron donor/hole transporter under UV through
the delocalized n-n* conjugated structure, more efficient for applications such as color change and
photocatalysis by controlling the optical energy band gaps (Eg) [13]. It is important to monitor the
electronic properties of PPy and its composites used in applications related to electronic and optical
properties such as sensors, electronics, optics, and photovoltaic devices. Studies have been carried out
to monitor the electronic properties with the change in optical band gap of these composites. Some of
them in the literature investigating the Eg of PPy composites prepared with graphene derivatives are
listed below. Bora and Dolui [9] studied a new procedure prepared for PPy/graphene via liquid-liquid
interfacial polymerization and they remarked that the electrical conductivity and thermal stability of
these materials were observably enhanced. The Eg of PPy and composites was determined as 2.33 eV
and 2.10-1.82 eV according to increased graphene content, respectively. Liu et al. [13] reported that the
graphitic carbon nitride and PPy composite, which was prepared via in-situ chemical polymerization of
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pyrrole, had narrowed Eg due to the PPy, and also the addition of reduced graphene oxide (rGO) into
composite led to much lower Eg between 2.4 to 2.6 eV. Sadrolhosseini et al. [14] prepared the PPy/rGO
nanocomposite with had particular thickness based on deposition time via electrochemical synthesis and
determined the Eg between 3.580 to 3.853 eV with decreased deposition time. Noreen et al. [15] studied
about photocatalytic and antibacterial properties of PPy/graphene composites that were synthesized via
in-situ chemical oxidative polymerization. While the Eg of PPy was calculated as 2.38 eV, they reported
that the Eg values of composites containing 10, 30, and 50% graphene were determined as 1.85 eV, 1.69
eV, and 1.63 eV, respectively. Ahmed and Hassan [16] investigated the optical and electrical properties
of PPy/graphene composites prepared via in-situ polymerization. They stated that the Eg value of PPy
by direct transition, which was 2.1 eV, decreased to 1.3 eV with the contribution of 5% graphene. In all
of the limited number of studies mentioned above, FeCl; was used as the oxidant, regardless of the
synthesis method. It is well known that the length of the conjugated chains obtained in the synthesis of
conducting polymers has a direct effect on the physical properties of the polymer and the conjugation
length is related to the type and ratio of the oxidant and dopant used [17]. In addition to FeCls, several
oxidizing agents such as FeClO4, AgNOQO3s, H.O2, and (NH4).S:0s have been used for the chemical
oxidation of pyrrole [18]. When PPy was synthesized by chemical oxidative polymerization in acidic
medium, it was reported that the electrical conductivity value was higher but the polymerization yield
was lower than that of (NH.).S20s when FeCls, which has low solubility in this medium, was used as
oxidant [19]. Sood and co-workers used FeCl; and (NH.).S20s as oxidants in the synthesis of PPy and
compared the effect on thermal, electrical and morphological properties [18]. Dubey et al. investigated
the characterization and morphological properties of PPy synthesized under ammonium per sulfate in
the presence of anionic and cationic surfactants and their combinations for the energy storage capacity
and its potential use in sensor applications of the prepared material [20]. Similarly, John and Jayalekshmi
investigated the solubility, processability, electrical, optical and morphological properties of PPy
synthesized with different dopants and ammonium per sulfate oxidant with a view to using the prepared
material in potential technological applications [21]. Ravikiran et al. investigated the use of a physically
prepared composite of PPy and reduced graphene oxide as a humidity sensor. Ammonium per sulfate
was used as an oxidant in the synthesis of PPy [22]. Atta et al. investigated the use of PPy, synthesized
in the presence of APS, and NiO conductive composites in optoelectronic devices [23]. In addition to
these studies, the effect of grinding on the change in particle size was investigated to understand the
optical properties of PPy and PPy/xGnP composites prepared using (NH4).S,Og as an oxidant in acidic
medium. For this purpose, PPy and xGnP composites were synthesized via oxidative polymerization.
Optical properties were investigated using ultraviolet-visible (UV-Vis) spectrophotometry. The Eg
value was estimated via Tauc plot and Urbach tail energy (Eu) was calculated to determine defect levels
based on xGnP amount for PPy based composites both before and after ball milling. In addition, while
chemical and morphological properties of PPy and PPy/xGnP composites were investigated with Fourier
transform infrared spectroscopy (FTIR), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS),
and transmission electron microscope (TEM)/scanning electron microscope (SEM) analysis; particle
size of the composites was determined using a Zeta Sizer.

2. EXPERIMENTAL

2.1. Materials

Pyrrole (99.5%), hydrochloric acid (HCI, 37%) and xGnP nanoplatelets (grade C-750) were purchased
from Sigma-Aldrich. Ammonium persulfate ((NH4).S.0s, >98%) as an oxidizer agent was provided by

Merck. Dimethyl sulfoxide (DMSO, >99%) was obtained by also Merck as a solvent for UV-Vis
measurements. All chemicals were used as received.
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2.2. Synthesis of PPy/xGnP Composites

PPy/xGnP composites were synthesized by oxidative polymerization of pyrrole monomer including
XGnP at various loadings (1, 3, and 5 w/v) in the presence of HCI and (NH4).S.0s. For this, 0.2 M
pyrrole monomer and a proper amount of xGnP were mixed in 50 ml 1 M HCI. Then, 0.2 M (NH4)2S:0s
solution as oxidant, which was prepared in 1 M HCI, was added slowly to the monomer solution in an
ice bath. The polymerization reaction was allowed at 0-5°C for 2 h under constant stirring. The obtained
black product was filtrated and then washed several times with acid and ultra-pure water for purification.
PPy/xGnP composite was dried at 80°C for 8 h [24]. In addition, PPy was synthesized without adding
XGnP. To reveal the effect of grinding via ball milling on the Eg of composites, the prepared PPy/xGnP
composites were ground in a Fritsch pulverisette 7 planetary ball mill at room temperature using a
sintered alumina bowl and balls (balls to powder ratio was 10% w/w) at 500 rpm for 5 min through the
forward and reverse. The samples were labelled as in Table 1.

Table 1. Abbreviations for PPy/xGnP composites according to ball milling.

Abb. Sample
(PPy)i Synthesized polypyrrole
. Synthesized PPy/xGnP composite containing
Before ball (PPy/xGnP1)i 1% (Wiv) XGnP
milling . Synthesized PPy/xGnP composite containing
(iinitial) (PPyIXGNP3) 39% (WIv) XGNP
. Synthesized PPy/xGnP composite containing
(PPy/XGnP5)i 5% (Wiv) XGNP
(PPy)bm Ball milled polypyrrole
After ball Ball milled PPy/xGnP composite containing
milling (PPy/xGnP1)bm 1% (w/v) xGnP
(bm: ground Ball milled PPy/xGnP composite containing
via ball (PPy/xGnP3)bm 3% (w/v) xGnP
milling) (PPy/XxGNP5)bm Ball milled PPy/xGnP composite containing

5% (w/v) xGnP

2.3. Characterization

The particle size distributions of the PPy, xGnP, and PPy/xGnP composites were determined using a
ZetaSizer Nano ZSP laser particle analyser (Malvern). The FTIR of the PPy, xGnP, and PPy/xGnP
composites was recorded by a Thermo Scientific Nicolet 6700 FTIR spectrometer equipped with an
ATR (attenuated total reflectance) attachment in the wave number range from 600 to 4000 cm~. The
Raman spectra of the PPy, xGnP, and PPy/xGnP composites were collected from a Renishaw Raman
spectroscopy (532 nm). The optical properties of PPy, xGnP, and PPy/xGnP composites were studied
using a UV-Vis spectrophotometer in the range of 200-800 nm by using Genesys 10S, Thermo USA.
All samples were dispersed in DMSO at a concentration of 0.3 mg/mL using tip sonication for 15 min
(Bandelin Sonopuls, type: UW 200, probe: TS113, ampl: 10%, pulse: 0.5s/1s). The TEM image of xGnP
was taken from a JEOL JEM 1220 electron microscope and the morphological characterization of the
(PPy/xGnP5)bm was performed with a field emission SEM (FESEM, Quanta 450 FEG model, 20-30
kV, FEI).
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3. RESULTS AND DISCUSSION
3.1. ZetaSizer Analysis

Particle size distribution analysis by the intensity of PPy, xGnP, and PPy/xGnP composites before and
after grinding with ball milling was performed with a ZetaSizer and the results are given in Figure 1.
XGnP was a commercial product with a surface area 750 m? g Its average particle size was found to
be around 168 nm (Figure 1a). While PPy showed an average particle size of 876 nm, the size of
(PPy)bm was found 365 nm (Figures 1b and 1c). The average particle sizes of the composites containing
1, 3, and 5% of xGnP were determined to be 718, 853, and 1048 nm before ball milling (Figures 1d, 1e,
and 1f). These values decreased to 674, 779, and 730 nm after grinding via ball milling (Figures 1g, 1h,
and 1i), respectively. The results showed a slightly increasing trend in particle size with the ascending
filler amount of composite. It is predicted that polymerization started after the adsorption of pyrrole to
the electronegative oxygen atom on functional groups on the xGnP sheets [25]. Hence, PPy/xGnP
composite particles were partially grown with the increment of the graphene amount in the composite
due to the formation of PPy particles on the curved xGnP surface (see Figure 7b) during the synthesis
[26].
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Figure 1. The particle size distribution by intensity of (a) xGnP; (b) (PPy)i, (c) (PPy)bm, (d) (PPy/xGnP1)i, (e)
(PPy/xGnP3)i, (f) (PPy/xGnP5)i, (g) (PPy/xGnP1)bm, (h) (PPy/xGnP3)bm, and (i) (PPy/xGnP5)bm,
respectively.
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3.2. FTIR Analysis

The FTIR spectra of xGnP, PPy, and PPy/xGnP composites are given in Figure 2. The FTIR peaks of
PPy at 1546 cm™, 1461 cm™, and 3433 cm™ were attributed to the C-C, C-N, and N-H stretching
vibrations of the ring structure in pyrrole. The peaks at 1690 cm™, 1169 cm™, and 1027 cm™ can be
assigned to C=N bonds, C-N in-plane vibration, and C-H band in-plane vibration for PPy, respectively.
The peaks at about 2920 cm™ and 2850 cm™ in all spectra were associated with asymmetrical and
symmetrical ring vibrations of CH,. The carbonyl peak (-COOH) at 1723 cm, the C-O stretching
vibration at 1058 cm™ and the hydroxyl group (-OH) at 3467 cm™ of xGnP showed the oxygen-
containing functional groups on the graphene surface. Also for xGnP, a strong band of the stretching
and deformation vibrations of CH, appeared at about 2332 cm™™. The presence of characteristic peaks of
PPy in composites spectra confirmed the existence of PPy in the composites. The shift of the C=0 peak
to nearly 1760 cm™ was probably related to the n-w interaction of the aromatic PPy ring with oxygenated
functional groups on xGnP. In short, these changes proved that the combination of graphene in the PPy
matrix and the composites were successfully synthesized [9,25,27-30].
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Figure 2. FTIR spectra of xGnP, (PPy)bm, (PPy/xGnP1)bm, (PPy/xGnP3)bm, and (PPy/xGnP5)bm.

3.3. Raman Analysis

The Raman spectra of xGnP, PPy, and PPy/xGnP composites are given in Figure 3. The xGnP spectrum
in Figure 3a displayed three distinctive Raman bands at about 1323 cm, 1576 cm™, and 2636 cm™,
which were attributed to the D, G, and 2D bands, respectively. The characteristic Raman bands at about
1355 cm™ and 1570 cm™ corresponded with the C-N ring stretching and C=C backbone stretching for
PPy (Figure 3a), which these Raman bands were in approximately the same position with D and G bands
of graphene. The almost same bands were seen in Raman spectra of PPy/xGnP composites (Figure 3a).
However, in the Raman spectra of composites, both D and G bands were shifted between 1330-1340
cm? and 1550-1570 cm™, which indicated the n-m interaction between PPy and xGnP. Furthermore,
since the double bonds between the carbon atoms and other conjugated bonds lead to increase in the
Raman intensities, the Raman intensities of polymer and polymer composites were higher than that of
the commercial graphene as seen in Figure 3a [31-34].
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In Raman spectroscopy, the D band indicates sp® hybridization and the amount of structural defects and
edges, while the G band indicates sp? hybridization and a more ordered structure. In other words, the
higher intensity of the D band indicates that the graphite network of the material has more defects. In
addition, a more distinct G band means that the material has a more crystalline structure. The information
about the structural defect can be obtained by proportioning the intensities of the D and G bands, as
having similar intensities indicates the highly defective structure [31,35,36]. As seen in Figure 3b, Io/ls
ratios for each sample were calculated by reading and proportioning the Raman band intensities at the
wavelengths specified for the D and G bands in the spectrum. Although the prepared composites had a
slightly ordered structure compared to xGnP, Ip/lg ratios were almost the same. While various
functionalization processes are expected to increase the defect ratio in the structure, it is predicted that
there was no significant change in the size of the average sp? domains because of the PPy/xGnP
interaction [37]. As a second opinion, it can be evaluated that the prepared composites were quite
defective compared to xGnP. Because this ratio can be lower than graphene in highly defective materials
where the distance between defects is less than two nm [38].
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Figure 3. (2) Raman spectra and (b) Ip/lg ratios of xGnP, (PPy)bm, (PPy/xGnP1)bm, (PPy/xGnP3)bm, and
(PPy/xGnP5)bm.

3.4. XPS Analysis

XPS analysis was carried out to examine the chemical state and composition of PPy, xGnP, and
PPy/xGnP composites and the spectra are shown in Figure 4. As is seen from Figure 4, the xGnP had
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C1s core level peaks at 284.4 eV that could be attributed to the C-C bond, and the peak at ~288.8 eV
was related to the C=0 bond [39]. The N1s core level peak was absent in the xGnP, while it was seen
in the PPy samples spectra, which is related to the polymerization of pyrrole [40]. In addition, Figure 4
is depicted the presence of characteristic O1s (~531 eV), C1s (~ 284 eV), N1s (~399 eV), and S2p (~168
eV) peaks both for the PPy and its composites with xGnP. The S2p core level peak was generated from
(NH.)2S20s, which was used as an oxidant for the polymerization of PPy. The change in the binding
energies of PPy to higher energy levels for composites (O1s (~532 eV), C1s (~ 285 eV), N1s (~400 eV))
was related to the n-m interaction between the PPy and xGnP, which is in good agreement with the FTIR
and Raman results. The core level peak of C-N at ~285 eV was also confirmed to be the PPy moiety in
the XGnP structure. The N1s core level peaks at ~399 and ~400 eV were attributed to the -N-H group in
the pyrrole ring and positively charged N of polaron (-N-H*). The rising energy level from 399 to 400
eV was associated with the migration of the neutral secondary amine, which also indicated a strong n-n
interaction [39,41,42]. Furthermore, the CI2p peak (~198 eV) was observed in all PPy samples due to
the HCI as the dopant [43]. This confirmed the successful preparation of PPy/xGnP composites.
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Figure 4. General and elemental (O1s, C1s, N1s, S2p, CI2p) XPS spectra of the xGnP, (PPy)bm, (PPy/xGnP1)bm,
(PPy/xGnP3)bm, and (PPy/xGnP5)bm.

3.5. UV-Vis Analysis

The UV-Vis absorption spectra of xGnP, PPy, and PPy/xGnP composites recorded in DMSO are shown

in Figures 5a and 5¢. xGnP showed a distinctive peak at 279 nm which, is dedicated to the n-n* transition

of the C=C bonds. For the PPy and PPy/xGnP composites, the spectra showed a characteristic band at

around 275-281 nm due to the n-* interactions for C=C group. In addition to this peak, the spectra of

synthesized composites displayed a broad absorption band between 350-400 nm related to the m-m*

transitions for the C=N group. After the ball milling, the peak that related to the sp?> C=C bands of the
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composites was slightly shifted. It was thought that this behavior could be explained by the restoration
of m conjugation regions due to the change in particle size. In addition, the increase in the xGnP ratio in
the composite caused an increase in the absorbance value. Similar results were observed for the UV-Vis
spectra in the literature [44-48].

The Eg (eV) of xGnP, PPy, and PPy/xGnP composites was obtained with UV-Vis absorbance spectrum
and the Eg values were calculated using Tauc plot as follows (Equation 1).

(ahv)*/™ = B(hv — E,) (1)

«) = (20) ) @

where o (cm™) is the absorption coefficient which is given in Equation 2, d is sample width (cm), A is
absorbance from UV-Vis analysis, h is the Planck’s constant (4.14x107° eVs), v is the frequency (s2),
B is a comparative constant, and m is a constant related to the electronic transition type which is equal
to 1/2 for direct transition. The experimental method should be used to determine the most appropriate
value of m. According to Equation 1, the Eg value should be directly proportional to (ahv)*™. For this
reason, these linear parts of the irregular graph drawn by calculating the (ahv)¥™ and hv values are taken
into account. The Eg value is determined as the intersection of the hv axis by extrapolation from the
linear part [49-51].
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Figure 5. UV-Vis absorption spectra and Tauc plot for direct transition of xGnP, PPy, and PPy/xGnP composites
(a,b) before and (c,d) after ball milling, respectively.
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The Tauc plot was used to estimate the Eg for direct transition of xGnP, PPy, and PPy/xGnP composites
before and after ball milling are given in Figures 5b and 5d. Based on the Tauc plot, the calculated Eg
of xGnP was estimated to be ~3.88 eV for direct band gap transition. As can be seen from the Figures
5b and 5d, the Eg values of PPy decreased as the amount of xGnP in the composite increased, both
before and after ball milling. These results showed that the number of electrons/holes in the valence and
conduction bands changed due to the presence of new charge transfer complexes formed between PPy
and xGnP and the disorder created in a polymer matrix [48,52,53]. In addition, there was a slight
decrease in Egsm Values compared to Eg;.

In semiconductors, if sub-bands form between the conduction and valence bands or there are defects, a
defect tail is formed, which is known as the Urbach tail, under the conduction band and above the
valance band. In this region, to estimate the defect level and the localized states in the forbidden band
gap, the Ey can be calculated from Equation 3.

h
In(a) = In(ag) + (%) 3)

where ao is a constant, hv is the energy, and the Ey is Urbach energy [48,54]. For the determination of
the Evy, the first In(a)-hv graph is drawn. Then, in this region (below the Eg value), the Ey value can be
calculated in the slope of the linear graph obtained from the curve of the logarithm of the absorption
coefficient versus the energy. The Ey results calculated for PPy samples were given in Table 2 and the
linear part of the graph of In(a) versus hv was given in Figure 6.

Table 2. Ey of xGnP, PPy, and PPy/xGnP composites.

Samples Eu (eV)
xGnP 2.8234
PPy 0.1392
(PPy/xGnP1)i 0.9238
(PPy/xGnP3)i 1.2741
(PPy/xGnP5)i 9.8649
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(PPy/xGnP3)bm 2.3085
(PPy/xGnP5)bm 2.3935
0
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Figure 6. In(a)) of xGnP, PPy, and PPy/xGnP composites versus hv.
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It was determined that the Ey value of PPy was increased with the increase of XGnP in the composite
both before and after ball milling. These results were inversely proportional to Eg change. Furthermore,
it displayed that the xGnP led to a lower energy transition in the composites and the degree of disordering
in the polymeric structure progressed due to the increasing localized states in the forbidden band gaps
in the PPy structure. The results obtained are in agreement with the literature [16,48,52,53].

3.6. Surface Morphology Analysis

The structural morphology of xGnP and (PPy/xGnP5)bm composite was investigated by TEM and SEM
analysis. From the TEM image of XxGnP, which is given in Figure 7a, partially wrinkled and transparent
graphene sheets could be clearly seen. This wrinkled sheet like morphology, seen in the literature for
graphene, has been interpreted as a reduction in the angular tension between carbon bonds due to
changes between sp? and sp® hybridized carbon atoms and the atomic arrangement becoming more stable
by taking on a wrinkled aspect [55,56]. The SEM image for the (PPy/xGnP5)bm is given in Figure 7b.
The formation of the composite can be described as the uniform absorption of the pyrrole on the xGnP
surface through non-covalent interaction and polymerization and coating of PPy on the XGnP surface
via in-situ polymerization [40]. From the figure, it can be seen that the almost uniform PPy particles of
granular or spherical shape were embedded on the graphene sheet. Consequently, this image indicated
that the pyrrole polymerization took place on the graphene sheets, and PPy was successfully anchored
on the xGnP surface [9,14,57].

Figure 7. (@) TEM image of xGnP (scale bar 50 nm) and (b) SEM image of (PPy/xGnP5)bm (mag. 10,000 X, scale
bar 10 um).
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4. CONCLUSION

The present study describes the synthesis of PPy and PPy/xGnP composites via oxidative polymerization
of pyrrole in the presence of (NH.).S,Os as an oxidant. The effect of the grinding via ball milling on the
Eg and structural defects of these materials was then investigated. The Eg of the samples was calculated
using UV-Vis absorption spectrophotometry. The FTIR, Raman, and XPS analysis revealed the change
of the functional groups on PPy and xGnP after the composite preparation. The UV-Vis analysis
confirmed the decrease in Eg calculated from the Tauc plot for the direct transition of the composites
after ball milling. The decrease in band gap energy with both ball milling and increasing graphene
content is attributed to the change in defect levels of the composite structure. Furthermore, the Ey value
changed from 0.1392 eV for PPy to 2.3935 eV for (PPy/xGnP5)bm indicating that the defect in the
polymer structure increased with the addition of xGnP to the composite. These results indicate that the
optical properties improved slightly after grinding. It is expected that these findings will be helpful for
several applications such as electronic, optic, and sensing.
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