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Abstract
In the present study, polypyrrole (PPy) and PPy/MnO2 composites were synthesized using a modified chemical oxidation 
polymerization method. The polymerization was carried out in the aqueous medium using FeCl3·6H2O as an oxidant. The 
synthesized materials were characterized using XRD, SEM, EDX, TGA, FT-IR, surface area analyzer, UV–visible spec-
trophotometry and LCR-meter. The results confirmed the successful synthesis of materials with amorphous and crystalline 
nature of PPy and PPy/MnO2 composites, respectively. PPy/MnO2 composites were found to be thermally more stable with 
large surface area as compared to PPy. The PPy was found to be porous in nature while PPy/MnO2 composites have compact 
structure. The elemental analysis confirmed the presence of MnO2 in the composites; however, greater quantity of MnO2 was 
observed than the added amount with an efficient influence on the doping level of PPy. The synthesized materials showed 
semiconducting nature and their resistance was found to be dependent on temperature and MnO2 content in the composites.

1  Introduction

The synthesis and characterization of conducting polymers 
(CPs) have become an important area of research in poly-
mer science and engineering due to their excellent electrical 
properties [1]. The CPs have conjugated structures consist 
of alternate single-double bonds which is one of the basic 
requirement for their electrical conductivity. During oxida-
tion process, some of the π-bonds are broken, releasing elec-
trons which further improve their conductivity [2]. These 
polymers have vast analytical, technological and commer-
cial uses due to their greater electrical conductivity, ther-
mal stability, biocompatibility, easy method of preparation 
and scale-up [3]. Owing to their unique characteristics, CPs 
have been extensively used in lithium batteries, LEDs, gas 
separation membranes, electro-chromic displays, sensors, 
etc. [4–11]. However, due to the rigid conjugated back bone 
structures, these polymers suffer from the problem of poor 

processibilty. Similarly, CPs are infusible because of their 
chemical stability and brittleness [12–15]. The poor mechan-
ical strength of CPs also limits their usage in various fields 
[16]. To overcome such drawbacks, researchers have shown 
interest toward composites of CPs particularly with metal 
oxides. These composite materials have attractive physical, 
chemical, thermal and mechanical properties [17–19].

PPy is one of the most important CPs which has 
attracted the attention of many researchers. PPy can be 
synthesized easily by oxidation polymerization methods 
[20–22]. During oxidation process, some positive charges 
called polarons or bipolarons are introduced into the 
polymer back bone. The movements of these charges are 
mainly responsible for its greater conductivity; reaching 
some time to that of metals [23]. However, like other CPs, 
PPy also faces the aforementioned problems. In order to 
get rid of those shortcomings and to improve its charac-
teristics, the composites of PPy particularly with metal 
oxides are preferred. For example, Jang et al. [24] studied 
the ammonia sensitivity of PPy/multi-walled carbon nano-
tube (MWCNT) composites. The performance of the mate-
rials was increased with MWCNT contents. Tandon et al. 
[25] studied the sensing behavior PPy–Fe3O4 nanocompos-
ite for humidity and some other gases like CO2, N2 and O2. 
Due to good sensing behavior, the materials were declared 
to be used as gas sensor. Bhende et al. [26] prepared PPy/
CuO nanocomposites by in situ polymerization of Py in 

 *	 Hamayun Khan 
	 hamayun84@yahoo.com

1	 Department of Chemistry, Islamia College University, 
Peshawar 25120, Pakistan

2	 Centralized Resource Laboratory, University of Peshawar, 
Peshawar 25120, Pakistan

3	 Department of Physics, University of Peshawar, 
Peshawar 25120, Pakistan

http://orcid.org/0000-0002-7116-5940
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-018-8936-0&domain=pdf


9091Journal of Materials Science: Materials in Electronics (2018) 29:9090–9098	

1 3

the presence of varying amounts of CuO using FeCl3 as 
an oxidant. The electrical conductivity of the composites 
was observed to increase with increase in temperature up 
to 8 wt% of CuO; after than a decrease was observed. 
Yin et al. [27] synthesized CuO/PPy nanocomposite and 
studied their electrochemical properties. When assessed 
as anode material for lithium-ion batteries, the nanocom-
posite showed much better capacity and performance than 
bare CuO nano-belts.

MnO2 is an important semiconducting material which is 
widely used in electrical devices [28, 29]. Looking into the 
importance of MnO2, this metal oxide was selected for the 
preparation of PPy/MnO2 composites using a simple oxi-
dation polymerization protocol [30–32] with little amend-
ments, aiming to achieve composite materials of optimized 
structure and better electrical characteristics. The structural, 
thermal and electrical properties of the synthesized materials 
were investigated.

2 � Experimental

2.1 � Chemicals

The Py, FeCl3·6H2O (oxidant), MnO2, ethanol and acetone 
were of analytical grade (Merck, Germany). The Py was 
stored after distillation under reduced pressure. The required 
solutions of Py and FeCl3·6H2O were prepared in deionized 
double distilled water (DDDW).

2.2 � Synthesis of PPy and PPy/MnO2 composites

For the synthesis of PPy, 1 mL of 1 M Py aqueous solution 
was added slowly into a 10 mL of 0.1 M aqueous solution 
of FeCl3·6H2O under magnetic stirring and N2 flow at 8 °C 
for 2 h. After completion of the reaction, a black precipi-
tate of PPy produced which was filtered by vacuum filtra-
tion and rinsed with copious amount of DDDW, ethanol 
and acetone to remove unreacted reactants, oligomers, etc. 
The obtained PPy was dried at 60 °C for 4 h in an oven 
(LDO-030E, Daihan Lab Tech Co., Ltd., South Korea). For 
the synthesis of composites, 0.2 g MnO2 was dispersed in 
10 mL of 0.1 M aqueous FeCl3.6H2O solution and soni-
cated at 25 °C for 30 min; followed by the addition of 1 mL 
of 1 M Py aqueous solution under the same conditions as 
mentioned for the synthesis of PPy. The resultant composite 
was named as PPy/2%MnO2. Similarly, other composites 
namely; PPy/5%MnO2, PPy/8%MnO2 and PPy/10%MnO2 
were obtained under the same experimental conditions by 
adding 0.5, 0.8 and 1 g of MnO2, respectively. The schematic 
view of the experimental arrangement is shown in Fig. 1.

2.3 � Characterization of synthesized materials

2.3.1 � X‑ray diffractometry (XRD)

XRD measurement of the synthesized materials was car-
ried out using a JEOL X-ray diffractometry (JDX-3532-
XRD Japan) with CuKα radiations, scanning range of 2θ of 
10°–80°, scan speed of 0.1°/s and step angle of 0.05°.

2.3.2 � Surface morphology and elemental analysis

The surface morphology and elemental composition of the 
synthesized materials was studied using SEM/EDX (JSM-
5910, JOEL, Japan). During SEM analysis, the samples were 
attached to the stubs with the help of carbon conducting 
tape followed by sputtering with gold in fine coater (SPI-
module). For EDX analysis, the samples were prepared by 
the same way but without sputtering with gold. The SEM 
analysis was carried out at 10 keV with 10 mm gap between 
the sample and electron gun tip while EDX spectra were 
obtained at 10 keV.

2.3.3 � Thermal analysis

Thermal properties of the synthesized materials were inves-
tigated by thermogravimetric analyzer (Diamond TG/DTA, 
PerkinElmer, USA) at the temperature from 25 to 700 °C 
with the scanning rate of 10 °C/min under nitrogen atmos-
phere using alumina ceramic pan.

2.3.4 � Fourier transform infrared (FT‑IR) spectrometry

FT-IR spectrometry was used for the structural analysis of the 
synthesized materials. For this purpose, a Shimadzu FT-IR 

Fig. 1   Schematic representation of the experimental setup
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spectrometer (FTIR-8400, Japan) was used with wavenumber 
in the region of 4000–400 cm−1. An appropriate quantity of 
the sample was ground-mixed with KBr (IR grade) and a small 
quantity of this material was added to the sample holder of the 
diffuse reflectance accessory (DRS-8000 A) for FT-IR analysis 
at room temperature.

2.3.5 � Surface area study

The surface area of the synthesized materials was obtained by 
multipoint Brunauer-Emmett-Teller (BET) method using sur-
face area and pore size analyzer (Nova 2200 e, Quanta chrome, 
USA) via N2 sorption at 77 K. A known amount of the sample 
was placed in quartz tube and attached to the degassing sta-
tion of the instrument at 90 °C for 3 h to remove the adsorbed 
moisture or any other volatile impurities. After degassing, the 
sample cell was attached to the analysis station to determine 
the multipoint BET surface area.

2.3.6 � UV–visible spectrophotometry

UV–visible absorption spectrophotometry of the synthesized 
materials was carried out using a double beam UV–vis-
ible spectrophotometer (Lambda 650, PerkinElmer, USA) 
equipped with quartz cuvettes of 1 cm path length. The sam-
ples were dispersed in ethanol and spectral analyses were car-
ried out from 200 to 800 nm wavelength.

2.3.7 � Electrical characteristics

For the determination of electrical properties of the synthe-
sized materials, the samples were deposited on the locally 
prepared sensor plate having interdigitated copper electrodes 
with a space of ~ 93 µm between the fingers. A suspension of 
each sample was prepared in acetone and then deposited on 
the sensor plate by spin-coating method at 3000 rpm for 1 min. 
For the removal of the vehicle acetone, the sample coated elec-
trodes were heated in an oven at 60 °C for 4 h. The dimension 
of sensing part was 1.4 × 1.7 cm. The thickness and uniformity 
of the deposited layers was kept as same as possible. For the 
study of electrical resistance, the sensor plate was attached to 
LCR-meter (GW INSTEK LCR-817, Taiwan). For the study 
of temperature effect, the sensor plate in a glass chamber was 
placed inside a furnace. The variation of resistance of the sam-
ples with temperature was observed from 30 to 70 °C.

3 � Results and discussion

3.1 � XRD study

The XRD spectra of PPy, MnO2 and PPy/MnO2 compos-
ites are depicted in Fig. 2. A broad peak (Fig. 2a) at 2θ, 

20°–30° indicates that PPy is of amorphous nature [33] and 
is because of the scattering from PPy chains interplanar 
spacing [34]. The approximate chain separation of PPy was 
determined from the maxima using the following relation 
[35–37].

where S is the chain separation of the polymer, λ is the wave-
length of X-rays used and θ is the angle of diffraction at 
the maximum intensity of the amorphous halo. The average 
polymer chain separation of PPy was found to be 4.54 Å.

The Fig. 2f shows the crystalline nature of MnO2 and 
matches with ICCD PDF-4 Card # 04-004-9017. The char-
acteristics peaks of MnO2 were found at 2θ = 28.68°, 37.39°, 
41.01°, 42.85°, 56.70° and 59.404° which are assigned to 
(110), (101), (200), (111), (211) and (220) lattice planes, 
respectively. In case of XRD spectra of PPy/MnO2 com-
posites (Fig. 2b–e), MnO2 reserves its crystallinity with no 
change in the peak position. However, the peak intensity 
was decreased which may be due to the relative increase of 
PPy contents.

The average crystallite size of pure MnO2 and PPy/MnO2 
composites was determined using Debye–Scherrer equation 
[38–40];

In Eq. (2), L is the crystallite size, θ is the angle of dif-
fraction, β is the full width at half maximum and k is the 
shape factor (0.89). The crystal size was determined using 
the intense peak at 2θ = 28.68° in case of all the sam-
ples. The crystal size of PPy/2%MnO2, PPy/5%MnO2, 
PPy/8%MnO2, PPy/10% MnO2 and MnO2 was found to be 
17.89, 17.24, 16.45, 15.39 and 13.34 nm, respectively. Thus, 
the crystal size decreases with the increase of MnO2 content 

(1)S = 5�∕8 sin �

(2)L = k�∕� cos �
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Fig. 2   XRD patterns of (a) PPy, (b) PPy/2%MnO2, (c) PPy/5%MnO2, 
(d) PPy/8%MnO2, (e) PPy/10%MnO2 and (f) MnO2
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in the composites which may due to the crystalline nature 
of MnO2.

3.2 � SEM and EDX analyses

SEM images of the synthesized materials are shown in 
Fig.  3. The results show that PPy is of hemispherical, 
globular and spongy shape. The porous nature represents a 
weak linkage among the polymeric particles. The approxi-
mate grain size of PPy is found to be 0.5 µm. In case of 
the composites, the particles are well connected. Since, the 

composites are gained by mixing MnO2 particles with Py 
and then polymerization carried out; therefore, the particles 
morphology of the PPy/MnO2 composites is nearly alike, 
i.e., elongated shape. The maintenance of the core parti-
cles, i.e., MnO2 morphology in the composites, suggests 
the development of a thin layer of polymer around MnO2 
particles. Similar preservation of core-particles morphol-
ogy in the composites has also been reported elsewhere [31, 
32, 40]. The EDX spectrum of PPy/2%MnO2 is revealed in 
Fig. 4. The atomic weight percent of Mn, O, C, N and Cl are 
found to be 8.52, 27.84, 50.05, 8.74 and 4.86%, respectively 

Fig. 3   SEM images of (a) PPy, (b) PPy/2%MnO2, (c) PPy/5%MnO2, (d) PPy/8%MnO2 and (e) PPy/10%MnO2
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in PPy/2%MnO2. Thus, the molar ratio of C, N, Cl and 
MnO2 is found to be 4.17, 0.62, 0.137 and 0.418, respec-
tively. This shows that the actual amount of MnO2 in the 
composite is different from amount added. Similar results 
were also reported for of PPy/V2O5 composites [32]. These 
findings also supported the thermal analysis as discussed in 
Sect. 3.3.

3.3 � Thermal study

The TGA curves of PPy, MnO2 and PPy/MnO2 compos-
ites are displayed in Fig. 5. The results show that the pure 
MnO2 is stable up to 600 °C (Fig. 5f), while PPy and PPy/
MnO2 composites display thermal degradation in the stud-
ied temperature range. The thermal properties of PPy are 
in-line with the reported data [32]. The thermal stability of 
the composites (Fig. 5b–e) increases with MnO2 contents 
due to the barrier effect of MnO2 and smaller movement of 
polymeric chains when attached to the metal oxide parti-
cles. In case of the composites, the residual weight increases 
with MnO2 contents. The approximate wt% of MnO2 in 
the composites without PPy was found to be 4, 53, 62 and 
68% for PPy/2%MnO2, PPy/5%MnO2, PPy/8%MnO2 and 
PPy/10%MnO2, respectively. The TGA results show that 
the actual amount of MnO2 in the composites is different 
from the added percent weight. Since, we used relatively low 
concentration of the reactants (Py and FeCl3·6H2O), which 
resulted in the relatively smaller yield of PPy. Thus, the rela-
tive wt% of MnO2 in the composites is greater according to 
our expectations. The data clearly accomplish one of the 
main aims of study, which is to obtain composite materi-
als with a thin layer of the polymer deposited on the metal 
oxide particles.

In order to study the impact of MnO2 contents on the ther-
mal stability, the activation energy of PPy and PPy/MnO2 
composites decomposition was calculated by Broido method 
[41, 42] using the following equations;

where

In Eq. (4), Y is the fraction of undecomposed sample, Ea 
is the activation energy and R is the general gas constant. 
Similarly, in Eq. (5), wt is the sample weight at any time t, 
wf is the residual weight, w0 is the starting weight. The plots 
for activation energy calculation are displayed in Fig. 6 and 
the activation energy values were obtained from the slope of 
the plot of ln ln(1∕Y) vs. 1∕T  as shown in Table 1. The acti-
vation energy increases slightly with the increase of MnO2 
content in the composites, i.e., from PPy to PPy/10%MnO2 
and hence the thermal stability. Thus, the thermal study 
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Fig. 4   EDX spectrum of 
PPy/2%MnO2
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Fig. 5   Thermograms of (a) PPy, (b) PPy/2%MnO2, (c) PPy/5%MnO2, 
(d) PPy/8%MnO2, (e) PPy/10%MnO2 and (f) MnO2
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revealed that MnO2 particles have not a significant effect on 
the thermal stability of PPy.

3.4 � FT‑IR spectroscopy

FT-IR spectra of PPy, MnO2 and PPy/MnO2 composites are 
presented in Fig. 7. The successful synthesis of PPy has 
already been reported in our previous studies [31, 32]. From 
the FT-IR spectrum of MnO2 (Fig. 7a), the bands at 705 
and 564 cm−1 are respectively related to v6 and v8 vibra-
tion modes of MnO2 [43]. The FT-IR spectra (Fig. 7b–d) of 
the composites show all the bands of both PPy and MnO2 
with no new bands. However, the band at 1536 cm−1 in PPy 
spectrum has shifted to 1570 cm−1 in the composites spectra 
which may be due to some sort of sensitive physical inter-
action between PPy and MnO2 particles. The FT-IR results 
suggest that there is no chemical interaction between PPy 
and MnO2 particles. Similar results were also reported for 
PPy/V5O2 composites [31, 32].

3.5 � Surface area analysis

The surface area of the synthesized materials was deter-
mined by multipoint BET method as shown in Fig. 8. The 
plots are based on the following equation [44];

where W is the weight of adsorbed gas at a relative pressure 
P/P0, Wm is the weight of adsorbate constituting a monolayer 
of surface coverage and C is the BET C-constant.

(5)
1

W((P0∕P) − 1)
=

1

WmC
+

C − 1

WmC

(

P

P0

)

The value of Wm can be obtained using the relation (6);

where s is the slope and i is the intercept of the plot obtained 
by plotting 1∕W((P0∕P) − 1) vs. P∕P0 as shown in Fig. 8.

The BET surface area of the synthesized materials based 
on these plots for the linear part of the isotherms is presented 
in Table 1. The results show that the surface area of the syn-
thesized materials increases with MnO2 contents. This may 
be due to the disperse nature of MnO2 particles. The effect 
of MnO2 contents on the microstructure morphology is clear 
from the SEM images (Fig. 3). The content of MnO2 in the 
composites has improved the porosity and hence surface area 
of the samples. All the materials exhibited adsorption iso-
therms with shape similar to type-II, according to the IUPAC 
classification [45]. From the isotherms (data not shown), it 
was concluded that the materials are of macroporous nature 
[46]. One of the important problems related to the applica-
tions of microporous (pore size of < 2 nm) and mesoporous 
(pore size of 2–50 nm) materials [47, 48] particularly in gas 
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Fig. 6   Activation energy plots for (a) PPy, (b) PPy/2%MnO2, (c) 
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Table 1   Activation energy and BET surface area of the synthesized 
materials

Synthesized material Activation energy (kJ/
mol)

BET surface 
area (m2/g)

PPy 56.31 32.644
PPy/2%MnO2 57.40 72.440
PPy/5%MnO2 63.85 82.429
PPy/8%MnO2 64.83 104.769
PPy/10%MnO2 66.86 112.791
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Fig. 7   FT-IR spectra of (a) MnO2, (b) PPy/2%MnO2, (c) 
PPy/5%MnO2, (d) PPy/8%MnO2, (e) PPy/10%MnO2 and (f) PPy
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sensing devices is the intolerable slow diffusion of analyte 
gas inside the bulk of sensing material. Similarly, the adsorb 
gas molecules are removed with difficulty. This results in 
the unwanted long response and recovery time of the sen-
sor. This issue can be easily resolved by the applications of 
macroporous materials (pore size of > 50 nm) [49] as in the 
present case.

3.6 � UV–visible spectrophotometric study

In order to find out the effect of MnO2 particles on PPy dop-
ing level, UV–visible spectrophotometry of PPy and PPy/
MnO2 composites was carried out from 200 to 800 nm wave-
length as shown in Fig. 9. The UV–visible spectrum of PPy 
shows a distinct absorption around 280 nm which is credited 
to π–π* transition of benzenoid ring. The same peak was 
also observed in the absorption spectra of the composites 
with a red shift. The red shift can be related to the interac-
tion between metal oxide particles and polymeric chains of 
PPy [50]. The band gap energy (Eg) of pure PPy and PPy/
MnO2 composites was calculated using the relationship (7) 
[32, 51]:

where Eg is the band gap energy, h is Planks constant, C is 
the speed of light and λ is the cut-off wavelength. The values 

(7)Eg = hc∕�

of Eg for PPy, PPy/2%MnO2, PPy/5%MnO2, PPy/8%MnO2 
and PPy/10%MnO2 composites are 3.89, 3.69, 3.62, 3.52 
and 3.41 eV, respectively. The smaller Eg value of the com-
posites designates the relatively greater doping of PPy in the 
composites as compare to the pure PPy.

4 � Electrical properties

4.1 � Effect of MnO2 contents on electrical resistance

Figure 10 displays the resistance of the synthesized materi-
als at room temperature. PPy has the highest value of electri-
cal resistance, i.e., 521 kΩ. By adding MnO2 (2 wt%), the 
resistance has dropped to 81 kΩ followed by slight decrease 
with increase in MnO2 contents evenly up to PP/10%MnO2. 
The higher electrical resistance of PPy may be due to 
the poor linkage among the polymeric chains [30] which 
decrease the movement of positive charge carriers. In the 
present study, higher value of the resistance shown by PPy 
compared to the reported data [52] can also be related to the 
relatively greater average polymer chain separation of PPy 
(4.54 Å) as revealed from the XRD results. On the other 
hand, all the composites have smaller electrical resistance 
which can be the result of several factors. The MnO2 par-
ticles have improved the conjugation and linking through 
the grain boundaries of PPy chains facilitating the charge 
carrier motion and decrease the resistance [26]. Similarly, 
the crystallinity of the composites also increases with MnO2 
contents which further improve their conductivity. Another 
important reason for the smaller resistance of the compos-
ites is their relatively smaller band gap energy values as 
discussed earlier.
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4.2 � Effect of temperature on the electrical 
resistance

The change in resistance of PPy and PPy/MnO2 composites 
with respect to temperature was studied from 25 to 70 °C 
and results are shown in Fig. 11. The resistance of all the 
samples decreases with the increase in temperature which 
confirms their thermally activated behavior. In case of PPy, 
the improvement in charge transfer efficiency with tempera-
ture decreases the resistance [53, 54]. The higher tempera-
ture increases the lattice vibration in PPy which cause chain 
stretching followed by the charge distribution all over the 
polymer chains. The ultimate result is the improvement in 
polymeric chains arrangement having ability for extended 
conjugation. It causes the intra and inter chain hoping of 
charge carriers which drops the resistance [55]. At higher 
temperature, there will be also molecular rearrangement in 
PPy, making the molecules suitable for efficient moment of 
charge carriers [56]. Similar behavior was also observed for 
the PPy composites contain semiconducting MnO2; where 
the resistance of the composites also decreases with tem-
perature like pure MnO2 (Fig. 11). Similar trend was also 
reported in a previous study [31]. This again confirms the 
physical interaction between the PPy and MnO2 and declares 
the semiconducting nature of the synthesized materials [31, 
57].

5 � Conclusions

In the present study, PPy and PPy/MnO2 composites were 
successfully synthesized in the aqueous medium via a modi-
fied chemical-oxidation polymerization method using low 

concentration of the reactants. The structural, thermal, mor-
phological and electrical properties of the synthesized mate-
rials were investigated. The results confirmed the success-
ful synthesis of materials with amorphous and crystalline 
nature of PPy and PPy/MnO2 composites, respectively. PPy/
MnO2 composites were found to be thermally more stable 
with larger surface area as compared to PPy. Similarly, the 
PPy consisted of globular particles while the composites 
were of rod shape morphology. All the composites showed 
improved characteristics as compared to PPy. The electrical 
resistance of the composites was found to decreases with 
increase of MnO2 contents owing to the increase in their 
crystallinity and PPy doping. The materials were of semi-
conducting nature. The synthesized composites have all the 
characteristics of a typical sensing material [31] which is 
our future plan.
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