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ABSTRACT 
Single polymer cannot achieve all demands to advance new technologies.  Therefore, the combination of two 
or more polymers or metal oxides leads to a polymer with superior properties compared to that of the discrete 
components.  Hence, the present study aims to improve both the electrical properties and the thermal stability of 
polyaniline through three nanocomposites based on organic-inorganic nanohybrids. Three nanocomposites were 
prepared with different weight ratios of polyaniline to polyvinyl alcohol and fixed weight ratio of calcium oxide 
nanoparticles. The thermal analyses showed higher thermal stability of the three phase nanocomposites compared 
to the protonated polyaniline. Both DC and AC electrical characterizations showed that the highest concentration of 
polyaniline gave a semi-metallic behavior for polyvinyl alcohol at low voltages. Also, the AC parameters (Z’, Z’’) 
showed varying behaviors for all the prepared nanocomposites at different temperatures. Where, the impedance 
of the nanocomposite increased in the temperature range from 30 °C to 80 °C and then decreased monotonically 
from 90 °C to 140 °C. This electrical behavior showed very interesting outcomes, which opens up new horizons 
for many applications for such three phase composites, especially in the field of electronics and sensors. 
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INTRODUCTION 
Polyaniline (PANi) is one of the most 
promising conducting polymers. This 
is due to its low cost, good electrical 
properties, and environmental stability. 
Various industrial applications depend on 
this polymer, such as actuators (Hien et al., 
2017, Graboski et al., 2018), sensors (Guo 
et al., 2018), supercapacitors (Tavares et al., 
2018), and transistor beside its capability to 
absorb electromagnetic waves which make 
it a candidate for electromagnetic shielding 
applications (Hoghoghifard et al., 2018; 
Sun et al., 2018). However, the uses of 
unsubstituted PANi are limited because of 
its infusibility and insolubility (Hatamzadeh 
et al., 2012). It is known that PANi in 
emeraldine salts is insoluble but conductive 
while its emeraldine base form is an insulator 
and it can dissolve in some polar organic 
solvents, such as N-methylpyrrolidone and 
dimethylsulfoxide. The rigidity of the main 
chain of PANi leads to lack of its solubility.  
In addition, the existence of conjugated 
electronic structure in the main structure 
of PANi causes resistance to the solubility 

process. Consequently, in order to increase 
the solubility of PANi, a versatile and easy 
technique depending on intercalation of 
sulfonic groups on PANi chain was effective 
toward soluble conductive PANi.
The emeraldine base form of PANi was treated 
by fuming sulfuric acid to produce soluble 
sulfonated or protonated PANi. However, the 
electrical conductivity of the resultant PANi 
was reduced after sulfonation (Jaymand 
2013). This reduction of conductivity was 
due to reduction of the electrons density at 
the PANi backbone because of electrons 
withdrawing effect of the sulfonic groups 
(negative resonance effect). 
To avoid this main drawback, many 
researchers (Bhadra et al., 2017) investigated 
the effect of blending PANi with other 
insulating polymers on the mechanical, 
rheological, and thermal properties of PANi. 
The protonated PANi blend in different 
insulating polymers such as polymethyl 
methacrylate (Gao et al., 2017), polyvinyl 
chloride and polyvinyl alcohol (PVA) 
(Afify et al., 2018) have been investigated 
during the last few years. The DC & AC 
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conductivity and dielectric relaxation of 
PANi/PVA blends were reported by different 
researchers (Shahin et al., 2017). Other 
researchers illustrated the effect of adding a 
third element to form three-phase polymer 
blend composite for more modification and 
applications (Singh et al., 2016). 
Three phase PANi/PVA nano-composites 
based on graphene oxide were prepared by 
electrospinning method to enhance their 
antibacterial properties (Ghobadi et al., 
2016). PANi/PVA electrodes containing 
active carbon were used for supercapacitor 
applications (Olad and Gharekhani 2016). 
The sensing properties of MnO2-PANi/PVA 
thin films for ammonia were investigated by 
Dupare et al. (2013). Hybrid composite of 
PANi/PVA/TiO2 as a chemical sensor was 
studied toward methanol by Subramanian et 
al. (2012). 
Although many researchers have developed 
PANi through three phase nanocomposites, 
no one studied the effect of the presence 
of calcium oxide in PANi and their blends.  
In addition, calcium oxide is known as an 
inexpensive solid source of protons (Mat 
and Liong 2009) and is suitable for PANi 
to facilitate the process of protonation.  
Calcium oxide (CaO) is a hygroscopic oxide 
and one of the proton conducting material 
that has been used in fuel cells as a solid 
source of protons (Breeze et al., 1998; Daiko 
et al., 2006). 
Thus, this study has converted the PANi after 
sulfonation into three phase nanocomposites 
based on PVA and calcium oxides 
nanoparticles.  PVA has polar function 
groups that facilitate the solubility process 
in water and the charge transfer.  In addition, 
calcium oxides nanoparticles are used as a 
filler to improve the thermal stability and the 
electrical properties of PANi. 
In the present article, neutral phase PANi 
(emeraldine) is doped with sulfonic 
groups and converted into three phase 
nanocomposite. Calcium oxide nanoparticles 
are used as a filler with different percentages 
of PANi-PVA blend to form three hybrid 

nanocomposites. The thermal stability and 
decomposition of the hybrid nanocomposites 
are investigated.  In addition, the DC and AC 
electrical properties are studied at different 
temperatures.

MATERIALS AND METHODS 
PANi, emeraldine base (average molecular 
weight 100000) and PVA (fully hydrolyzed; 
molecular weight approximately 30000) 
were used as starting materials to form 
polymer blend. Calcium oxide nanopowder 
(≤ 160 nm) was used as filler for the 
polymer blend to synthesize three hybrid 
nanocomposites.  Sulphuric acid (99.9%) 
was used for protonation of the emeraldine 
base of PANi. These materials were supplied 
by Sigma–Aldrich, Germany.
0.125, 0.25 and 0.5 g of neutral phase PANi 
(emeraldine) were used as starting material 
for preparing three hybrid nanocomposites 
S1, S2 and S3 with different weighed ratios 
of poly vinyl alcohol and calcium oxide 
nanoparticles 2.0:1.0:0.4, 1.0:1.0:0.4, and 
0.5:1.0:0.4; respectively.  A specific volume 
(0.3 ml) of sulphuric acid was added to each 
of the previous weighed samples with stirring 
using a glass rod to get a homogenous paste 
of the mixture. Each sample was diluted with 
0.6 ml of distilled water with continuous 
stirring to get a homogenous mixture. A 
fixed weight (100 mg) of calcium oxide 
nanoparticles was added to each sample in 
ultrasonic bath for 30 min.  By vigorous 
stirring, homogeneous solution was attained 
after 24 h.    0.25 g of PVA was dissolved 
in water and added to the previous mixture.  
The mixtures were poured in dishes and 
dried at room temperature. 

RESULTS AND DISCUSSION  
Thermal Analyses
Thermal gravimetric analysis (TGA) is one 
of the thermal analyses, which describes 
the effect of temperature on the rate weight 
loss of materials. The thermal stability of 
the prepared materials was characterized 
by TGA. It was carried out in TA 
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thermogravimetric analyzer (series Q500) 
under N2 atmosphere. 
Figure (1) showed that the behavior of the 
PANi neutral phase (emeraldine) significantly 
differs from the PANi after protonation with 
acid.  It indicated high thermal stability for 
PANi insulating phase (emeraldine) and 
low thermal stability for the protonated 
conducting PANi agreeing with the results 
of several reports (Lesueur et al., 1997; Albu 
et al., 2016). Where, PANi insulating phase 
(emeraldine) has two thermal decomposition 
stages while three decomposition steps were 
observed for the protonated conducting 
PANi.  The first step is due to vaporization of 

water molecules. The decomposition of the 
protonated component of the polymer has 
occurred through the second step.  Finally, 
the decomposition of polymer backbone 
chains has happened at higher temperature.
Compared with the protonated conducting 
PANi, the TG curve of the hybrid 
nanocomposites (PANI/PVA/CaO) showed 
high thermal stability as shown in Figure 
(1). The thermal decomposition curve of 
the nanocomposite was composed of three 
distinct regions. The weight loss in the first 
region of the nanocomposite (15%) was less 
than that of the protonated PANi (35%).   

Fig. 1. (A) TGA and (B) DTGA analyses for the emeraldine base, the acid doped PANi and the PANi/PVA/CaO 
nanocomposite.

This difference could be attributed to 
existence of inorganic species inside the 
structure of nanocomposite (Sultana et al., 
2013). Where, calcium oxide nanoparticles 
have high thermal stability.  Also, they 
reduced the amount of the reminder acid 
which produced acceleration of polymer 
chain cession.  By further heating at 300 °C, 
the second weight loss of the nanocomposite 
was 46% while a weight loss 63% was 
observed for the protonated PANi.  With 
continuing heating to the higher temperature 
of 500 °C, the protonated PANi lost 70% of its 
weight and only 51% of the nanocomposite 
was observed. It indicated that the residual 
of the protonated PANi was about 24% 

while for the nanocomposite was about 49%.  
The high residual of the nanocomposite 
confirmed that the high thermal stability 
of the nanocomposite was attributed to the 
presence of CaO nanoparticles.  
The high thermal stability of the PANi/
PVA/CaO nanocomposite was attributed 
to the interaction between the filler (CaO) 
and the polymer matrix agreeing with the 
previous reports of PANI/montmorillonite 
nanoparticles (Gök et al., 2007), PANI/Ag 
nanoparticles (Salem et al., 2016), PANI/
ZnO (Layeghi et al., 2016) and PANi/CNTs 
(Saadattalab et al., 2016). It concluded that 
the addition of CaO nanoparticles plays 
the main factor for increasing the thermal 
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stability of the protonated PANi.
From the first derivative of TGA curves (see 
Figure (1B)), the decomposition processes 
could be easily monitored through the peak 
of maximum decomposition rates. For 
emeraldine, it is clear that two processes 
have occurred, one is at T<100 °C, which 
represented the moisture evaporation 
(unbounded water) and the other is the 
main decomposition of the backbone chains 
of PANi at 520 °C. For the protonated 
PANi, three peaks were observed at lower 
temperatures. These peaks represented 
vaporization of water and decomposition 
of the protonated PANi chains through two 
steps; respectively.
The DTGA curve for the nanocomposite 
(PANi/PVA/CaO) showed a more 
complicated behavior than the other two 
samples. Where, two overlapped processes 
were observed at 154 °C and 253 °C for the 
main decomposition process.  This main 
decomposition region could be analyzed 
using peak separation as shown in Figure 
(2). The first and fourth peaks were due to 
water evaporation and the decomposition of 
emeraldine reminder. The second and third 
peaks were attributed to the decomposition 
of both PANi (de-doping) () and PVA; 
respectively (Avlyanov 1999, Pingan et al., 
2017).

Fig. 2. Peaks separation of the PANi/PVA/CaO 
nanocomposite

Figures (3A and 3B) showed the TGA 
and DTGA curves for the three hybrid 
nanocomposites S1, S2 and S3. All samples 
have the same thermal decomposition 
behavior but the sample S2 was more stable 
than the other samples. Also, S1 showed two 

extra peaks at 75 °C and 125 °C indicating 
that the high concentration of PANi causes 
trapping for some water molecules in the 
structure of the nanocomposites. From 
the DTGA curve, we could confirm that 
the presence of CaO nanoparticles in the 
polymeric matrix improved the thermal 
stability of the protonated PANi.

Fig. 3. (A) TGA and (B) DTGA curves for the 
nanocomposites S1, S2 and S3.

Electrical Properties
DC and AC measurements were carried out 
using Keithley 4200-SCS semiconductor 
characterization unit. The capacitance (C) 
and the impedance (Z) of the prepared 
nanocomposites were measured at frequency 
changing from 103 Hz to 106 Hz at 27 °C. 
The dielectric constant (ε) was estimated 
by the equation ε = C d/ε0 A, where C is the 
capacitance (F), ε0 is the permittivity of the 
free space (8.854 × 10−12 F m−1), A is the 
surface area (m2), and the parameter d is the 
thickness (m) of the material. The dielectric 
loss tangent was directly obtained from 
the instrument. The samples were placed 
between two copper sheets to make electrical 
contact with the surface of the samples. The 
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current-voltage characteristic curves for the 
samples were carried out in the range of 
+0.1 to -0.1 V. The absolute values for the 
electric current were directly calculated by 
the instrument.
Voltage–current characteristic curves
The I-V characteristics were carried out to 
investigate the electrical conductivity of the 
three hybrid nanocomposites. Figure (4) 
shows the I-V curves of the nanocomposites 
over a DC-voltage range from + 0.1V to 
-0.1V in cyclic manner. The measurements 
were repeated several times to ensure that 
the values were consistent and the average 
values were represented in Figure (4). 
The nanocomposites S1 and S2 showed 
no hysteresis-curve during the voltage full 
cycle (voltage increase and decrease) while 
the nanocomposite S3 showed a hysteresis-
curve during the same voltage cycle. This 
I-V hysteresis could be attributed to the 
difference in the weight ratio of insulating 
polymer (PVA) which represents its 
maximum ratio in the sample S3.

Fig. 4. I-V curves of the nanocomposites S1,
S2 and S3.

The existence of PVA with large weight ratios 
increased the probability of the existence 
of insulating islands which represents the 
optimum conditions for charge accumulation 
during the increase of the applied voltage 
in certain direction and permits the flow of 
such accumulated charge during applying 
the opposite voltage (other direction) causing 
the appearance of the hysteresis. In addition, 
such PVA islands could be considered as 
a source of trapping defect for the charge 

carrier, which represents a source of electrical 
hysteresis. Another contribution for the 
large weight ratio of PVA in the sample 
S3 was the encapsulation effect for CaO 
nanoparticles, which increased the number 
of charge accumulation centers and reduced 
the three-dimension network to take place. 
However, the electrical conductivity of the 
nanocomposite S3 was in the semiconductor 
range while the nanocomposite S1 showed a 
semi-metal behavior. Such results represented 
very interesting outcome, which opens up 
new horizons for many applications for such 
three phase composite, especially in the field 
of electronics and sensors.
From the Log (V) – Log (I) in relation to 
the three nanocomposites (Figure 5) and by 
using a suitable predicting fitting we noted 
that the nanocomposites S1 and S2, which 
have higher weight ratio of PANi to PVA, 
obeyed the linear fitting with slope =1.

Fig. 5. Log (V)-Log (I) relation for the 
nanocomposites S1, S2 and S3.

It means that the conduction mechanism of 
these samples is Ohmic conduction and obeys 
the equation: I = a Vn , and n=1 for Ohmic 
conduction.  Also, the nanocomposite S3, 
which has the higher weight ratio of PVA to 
PANi, obeyed the power law with “ n “ greater 
than two.  It indicated that the conduction 
mechanism of this sample is space charge 
limiting current. This confirmed the above 
interpretation for the existence of hysteresis.

AC characterization
The frequency dependence of complex 
impedance for the nanocomposite S1 at 
various temperatures (from 30 °C to 140 
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°C) were represented in Figures (6A and 6B) 
and (7A & 7B); respectively. The values of 
both real and imaginary parts were strongly 
affected by temperature. The resistive part 
(Z’) increased with temperature from 30 °C 
to 80 °C and then decreased monotonically 
from 90 °C to 140 °C. The spectrum of 
the imaginary part (Z’’ spectrum) followed 
the same behavior as real part (Z’) with a 
relaxation peak. 

 Fig. 6. Relation between the frequency and the
impedance Z’ value for S1 at different temperatures.

The relaxation peaks of Z’’ were shifted to 
lower frequency during the first temperature 
range (30 °C to 80 °C) and to higher 
frequency during the second temperature 
range (90 °C to 140 °C). These data showed 
an interesting feature for these samples 
and could be explained by considering the 
water molecules, which adsorbed with the 
protonated PANi.  
It increased the contribution of the ionic 
conduction at room temperature (Doan et 
al., 2014). As the temperature increased (30 
°C to 90 °C), water molecules evaporated 

leading to a reduction in ionic conductivity 
and an increase in real and imaginary parts.
The increase of Z’ was attributed to both a 
decrease in ionic conduction and formation 
of electrode polarization (Osman et al., 2012; 
Ho et al., 2017). For the second temperature 
range (90 °C to 140 °C), Z’ decreased and 
the relaxation peaks shifted to a higher 
frequency. The space charge represented 
the main contribution for the conduction 
in this region of temperature beside the 
contributions of segmental motion, which 
related to the movement of polymeric chains. 
Both mechanisms increased the conductivity 
leading to reduction in both Z’ and Z’’.

Fig. 7. Relation between the frequency and the 
impedance Z’’ value for S1 at different temperatures.

Figures (8A and 8B) show the AC impedance 
of the nanocomposite S2 as a function of 
frequency at different temperatures. The 
nanocomposite S2 which has equal weight 
ratio of both PVA and PANi showed that 
its behavior is different from the previous 
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nanocomposite S1. Real and imaginary 
parts increased in the temperature range 
from 90 °C to 120 °C, while there is no 
detectable change from 30 °C up to 90 °C. 
Two overlapped peaks were shown for Z'' 
at temperatures 100 °C, 110 °C and 120 °C, 
while single relaxation peaks are shown at 
140 °C and 150 °C.

 Fig. 8. Relation of the frequency with (a) the
 impedance value Z’ and (b) the impedance value Z’’

for S2 at different temperatures.

Figures (9A and 9B) represent the impedance 
behavior for the nanocomposite S3. This 
nanocomposite, which has PVA twice the 
weight ratio of PANi, exhibited a similar 
behavior to the second nanocomposite S2. 
Figure (9A) shows that the real part does 
not strongly depend on a temperature up to 
70 °C. The capacitive component within the 
sample initiated to improve at the expense of 
resistance at higher temperatures (T>70°C). 
There is no clear and definite electrical 
relaxation peak for Z’’(T) (Figure 9B).  For 
both the nanocomposites S2 and S3, which 
have equal or more weight of PVA than PANi, 

the blend have some kind of segregation 
of PVA and PANi. At room temperature, 
sample contains moisture, which contributed 
to increase the ionic conduction beside the 
conduction regions of PANi and PANi-
coated CaO. Besides, the sample viscosity 
was high and the segregation process was 
neglected (segregation took place at low 
viscosity state (Narkis et al., 2000). These 
factors combined together to increase the 
sample conductivity for low temperature 
range. The sample tended to behave as 
linear resistor with frequency independent 
behavior. Raising temperature increased 
the average free volume of the composite 
constituents and decreased the sample 
viscosity leading to formation of segregation 
between its different phases. Both processes 
acted as a kind of barrier which in turn 
caused reduction of electrical conductivity 
(Z’ increased). This could interpret the 
behavior of Z’(f) for both nanocomposites 
S2 and S3. 

 Fig. 9. Relation of the frequency with (a) the
 impedance value Z’ and (b) the impedance value Z’’

for S3 at different temperatures

The imaginary part of Z* (Z’’) increased 
with temperature for both nanocomposites 

 

 

 

 

 

 

 

 

 

 

 

 



42

Improvement of Thermal Stability and Electrical Properties of Polyaniline...                 Osama Saber et al., 

S2 and S3. This part (Z’’) represented the 
combination of capacitive and resistive 
components in the samples. The segregation 
of PVA (insulator) and PANi (conductive) 
would form a set of capacitors in parallel 
which accumulated space charge between 
them. For the nanocomposite S2 and at 100 °C, 
110 °C and 120 °C, two relaxation flat peaks 
were observed which confirmed that there are 
more than one conduction mechanism while 
at 140 °C and 150 °C only one clear relaxation 
appeared. For the nanocomposite S2, a flat 
relaxation peak at high frequencies shifted 
to low frequencies with temperature (60 °C 
to 90 °C) and the sample tended to the pure 
capacitor behavior at a higher temperature 
range (110 °C to 150 °C).  

CONCLUSION 
The present study achieved a dual effect on 
the protonated PANi to increase its thermal 
stability and electrical conductivity through 
producing three hybrid nanocomposites. 
In this way, three hybrid nanocomposites 
(PANi/PVA/CaO) have been prepared and 
compared with the protonated PANi and 
its emeraldine base. Thermogravimetric 
analyses showed that the process of 
protonation of PANi emeraldine which 
increased its solubility, reduced its 
thermal stability.  The thermal stability of 
the protonated PANi was improved and 
increased by converting the PANi to hybrid 
nanocomposites indicating that the inclusion 
of calcium oxide nanoparticles inside the 
polymers blend (PANi/PVA) enhanced its 
thermal stability.  In addition, the presence 
of calcium oxide with PVA inside the 
protonated PANi modified and increased 
its electrical properties.  Furthermore, The 
I-V characteristic curve showed that the 
highest concentration of PANi gave a semi-
metallic behavior for PVA by applying low 
voltage values. Moreover, the three hybrid 
nanocomposites showed different behavior 
of Z’(f) and Z’’(f) relations at different 
temperatures.
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الملخص
البوليمــر المنفــرد لا يســتطيع تحقيــق متطلبــات التقــدم التقنــي الحــالي؛ لذلــك فــإن اتحــاد أكثــر مــن بوليمــر عضــوي مــع أكاســيد الفلــزات 
غــر العضويــة يــؤدي إلى بوليمــرات ذات خصائــص مميــزة ومفضلــة عنهــا وهــي منفــردة، وبالتــالي هــذه الدراســة تهــدف إلى تحســن كل 
مــن الخــواص الكهربيــة والثبــات الحــراري للبــولي أنيلــن مــن خــلال تحضــر ثلاثــة تركيبــات مهجنــة مــن المركبــات العضويــة وغــر 
العضويــة؛ ولذلــك تــم تحضــر ثلاثــة تركيبــات نانونيــة بنســب وزنيــة مختلفــة بــن البــولي أنيلــن والبــولي الفينيــل الكحــولي مــع نســبة 

ثابتــة مــن حبيبــات أكســيد الكالســيوم النانونيــة.
ــف  ــن التوصي ــات، وم ــم بالبروتون ــن المدع ــولي أنيل ــن الب ــى م ــراري أع ــات ح ــا ثب ــات له ــذه التركيب ــة أن ه ــل الحراري ــت التحالي أثبت
الكهــربي للتيــار المــتردد والتيــار الثابــت عنــد درجــات الحــرارة المختلفــة، وأظهــرت أن العينــات ذات النســبة العاليــة مــن البــولي أنيلــن 
جعلــت قــدرة التوصيــل الكهــربي للبــولي الفينيــل الكحــولي العــازل قريــب مــن التوصيــل الكهــربي للمعــادن، وكذلــك أظهــرت نتائــج 
مثــرة للاهتــام عنــد دراســة العلاقــة بــن عوامــل التيــار الكهــربي المــتردد )Z & ‘Z“( مــع تــردد التيــار الكهــربي. هــذه النتائــج تفتــح آفاقًــا 

جديــدة في مجــال الإلكترونيــات والحساســات والمجســات.
الكلمات المفتاحية: أكسيد الكالسيوم، بولي أنيلن، بولي فينيل الكحولي، تركيبات نانونية، الثبات الحراري، الخواص الكهربية.    


