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The Y2O3 doped polypyrrole composites has been synthesized (PPy-Y2O3) through an in-
situ polymerization route, to get dielectric properties for potential applications. XRD 
confirmed the formation of the composites. SEM confirms the flakier structure in the PPy-
Y2O3. The impedance of pure Y2O3 ~ 14 Ω, PPy ~12 Ω to PPy-10%Y2O3 ~10 Ω 
compositesdecreased, signify the increase in AC conductivity of PPy-Y2O3. The 
temperature-dependent dielectric properties follow the Maxwell-Wagner model. AC 
conductivity of the PPy/Y2O3, increased with an increase in temperature depending on 
Jonscher’s power law. Therefore, the present study suggested that PPy-Y2O3 composites can 
be considered useful for device applications. 
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1. Introduction 
 
In recent years, Yttrium oxide (Y2O3) rare earth metal oxide was extensively focused by 

researchers due to its wide applications in the field of device fabrication [1–3]. The Y2O3 is an 
outstanding ceramic material of excessive technological importance because of good corrosion 
resistivity, high melting point (2683 K), chemical stability as well and low instability in vacuum. 
Translucent yttria ceramics are valuable for optical applications, including waveguides for high-
intensity discharge lamps, IR windows, and in laser as a host materials [4-6]. The crystal structure 
of yttria can be cubic (C-bixbyite type) but also exhibits hexagonal and monoclinic phases [7-8]. 
The cubic phase, stable at an ambient temperatures, melts at approximately 2400°C. This phase is 
chemically stable, possessing  wide band gap of 5.5 eV and an extensive transparency range from 
0.29 to 8 μm [9], and also displays rich oxygen vacancies on its surface. The Y2O3 has potential 
applications in both piezoelectric as well as semiconductor devices for example photodiodes, 
transparent electrodes, solar cells, and catalysts in addition to gas sensors [10-14]. Conversely, the 
conducting polymers have an extensive series of applications for instance sensors by sensing the 
vapor of different gases [15], Schottky diodes [16], field-effect transistors [17], and light-emitting 
diodes [18]. Among the family of many conducting polymers, PPy is known as positive conducting 
polymers widely used to synthesize composites owing to its simple synthesis, good compatibility, 
high electrical conductivity, and excellent ecological stability [19-20]. Its chemical formula is 
C4H4NH and the chemical structure of polypyrrole is exhibited in Figure 1. The electrical 
conductivity of polypyrrole can be improved by combining inorganic fillers [21], furthermore, the 
conductivity of polypyrrole depends on the dopant ions [22–24].  Several investigators have more 
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devotion to exploring the conducting polymer/inorganic-particle composites might show 
outstanding physical and mechanical characteristics [25].  

Newly, PPy/inorganic-filler composites were synthesized utilizing metal oxides like, Fe3O4 
[26], TiO2 [27] MnO2 [28], and Y2O3 [29] have been reported. The composites of polyaniline-yttrium 
oxide (PANI-Y2O3) were synthesized using chemical polymerization technique. Extensive research 
on these composites (PANI-Y2O3)  has revealed a significantly high dielectric constant, suggesting 
potential applications in the fabrication of micro-electromechanical systems and charge-storage 
devices. This enhancement in the dielectric constant, facilitates an efficient charge transport 
mechanism as compared to pristine polyaniline. Such materials(PANI-Y2O3)  have been pivotal in 
the development of next-generation dynamic RAM devices and actuators [30]. The polypyrrole-
yttrium oxide (PPy-Y2O3) composites were prepared by chemical polymerization method using 
FeCl3 as an oxidant agent. The resulting polypyrrole-yttrium composites are studied and can be 
suitable for the fabrication of sensors, actuators, and rechargeable batteries and also for many 
potential applications. The synthesized composite material performs good semiconductors as well 
as is very supportive to fabricate the electronic devices and their potential applications in technology 
[31]. In this work, low low-weight ratio of Y2O3 dopant was added to the polypyrrole to synthesize 
a PPy/Y2O3 composite through a chemical polymerization technique. The XRD, SEM, EIS, and 
dielectric spectroscopy techniques have been applied to examine the effect of Y2O3 on the Dielectric 
Characteristics of composite. 

 
 
2. Experimental work 
 
Pyrrole was bought from Riedel-de-Haen. Ammonium persulfate comes from Duksan 

chemicals. The Y2O3 was bought from UNI-CHcM chemicals and Hydrochloric acid was bought 
from Sacharlu. All material was employed conventionally excluding pyrrole. The chemical 
polymerization technique is utilized to synthesize polypyrrole in an open environment and APS is 
used as an oxidant.  

The molar ratio of monomer to oxidant was kept 1:1. The required amount of APS was 
dispersed into 100 mL de-ionized water and strongly for 30 min at 25 0C. After that 3- mL of pyrrole 
was introduced into 100 mL de-ionized water and 5 mL HCl was presented dropwise to keep pH 
between 0–1. After 30 min, both solutions were mixed as well and stirred for 3 hours. the solution 
was left overnight in an open environment to achieve complete polymerization. Finally, got 
greenish-black solution was filtered with Wattman filter paper and then refined repeatedly with de-
ionizing water to eliminate HCl from the solution. The suspension was located at 70°C in a vacuum 
oven to dehydrate and then ground to fine powder of polypyrrole was attained. The PPy/Y2O3 
composite was synthesized in the same as the synthesis of polypyrrole has been discussed above.    

X-ray powder diffraction (XRD) analysis was conducted on a Panalytical X-Pert PRO 
diffractometer utilizing CuKα source (λ = 1.54 Å, at 40 kV, and 2θ = 10 to 70°. Scanning electron 
microscopy (SEM) was performed using the EVO50 ZEISS instrument. Electrochemical impedance 
spectroscopy measurement was performed from 100 kHz to 0.1 Hz frequency range for an open 
circuit with AC perturbation of 5 mV. Temperature-dependent dielectric properties were evaluated 
on pellets formed by compressing the samples at 10-tons in a stainless steel die (4 mm in diameter 
and 1 mm thickness), by employed  two-probe method across  frequency range of 20 Hz to 1 MHz. 
The samples were interfaced with a Keithley 2400 electrometer and current source electrometer. 

 
 
3. Results and discussion  
 
3.1. Structural analysis 
The XRD profile of PPy, PPy/Y2O3 composite, and pristine Y2O3-nanoparticles are 

represented in Fig. 1. The XRD spectra for PPy states the amorphous nature due to a broad peak was 
found from 17-220 in the 2θ range [32]. It is clear from the XRD profile, that the structure of Y2O3-
particles is crystalline and all characteristic peaks define that Y2O3 is a cubic phase with JCPDS 
No.083-0927 [33]. Scherer’s equation, employed to calculate the crystallite size of Y2O3  
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nanoparticles was found 95 nm [34]. The XRD spectra for the PPy/Y2O3 composite display the 
characteristic peaks not only for PPy but also for the pure Y2O3 as depicted in Figure 1. From this 
exploration, it was successfully confirmed that the synthesized composite is composed of Y2O3-
particles and PPy in addition to an increase in crystallinity [35]. 

 

 
 

Fig. 1. XRD profiles for PPy, PPy/Y2O3 composite, and pure Y2O3. 
 
 
3.2. Scanning electron microscopy (SEM) analysis 
Fig. 2(a-b), exhibits SEM images of PPy-Y2O3 composite and pure Y2O3-nanoparticles. At 

high magnification, it was seen from SEM photo of PPy-Y2O3 composite is an expressive a hemi-
spherical nature of polymer as clusters in composite which may be due to enhanced inter-chain 
interaction and results to increase the conductivity and flakier structure of pristine Y2O3. The Y2O3 
particles are bound into the PPy chain because of the strong nanoparticle interaction. From this, it 
can be outcomes that the PPy-Y2O3 composite is seeing more improvement in particle dimensions 
as well as the flakier structure. 

 

 
 

Fig. 2.  SEM images of (a) PPy-Y2O3 composite (b) pure Y2O3. 
 
3.3. Impedance analysis 
The Nyquist plot for energy-packing devices contains vertical lines at high-frequency 

regions however, a semicircle made at a low-frequency region can display a decrease in electrical 
conductivity. A decrease in conductivity region recommends the interfacial charge transfer 
resistance [36]. The conductivity of an electrode material was determined by using an equivalent 
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series resistance (ESR) technique. The impedance of Y2O3 ~ 14Ω, PPy~12 Ω, and PPy/Y2O3 
composite is found ~10 Ω. The impedance of composite is low as equated to Y2O3, in addition to 
pure PPy represents an increase in electrical conductivity owing to the accumulation of Y2O3 in the 
PPy matrix as depicted in Fig. 3. The PPy/Y2O3 composite is closely analogous to an ideal capacitor 
and has well-straight lines as compared to the others. The pure Y2O3, PPy, and PPy/ Y2O3 composite 
may have a semicircle at a high-frequency region which might expand the diffusion path length of 
ions and yield an obstacle to the motion of ions. The PPy/ Y2O3 composite may have a low 
impedance in its capacitance part which can exhibit better supercapacitor electrode material as 
compared to other electrode materials. 

 

 
Fig. 3. Nyquist plot of PPy-Y2O3 composite, pure PPy and Y2O3 in 5 mV AC perturbations. 
 
 
4. Temperature-dependent dielectric properties 
 
4.1. Dielectric constant (εʹ) 
The dielectric constant was derived from the specified equation [37]. The variation of εʹ 

versus temperature at frequency 1MHz is depicted in Fig. 4. From the above figure, it appears that 
the growth in the temperature of the values of the dielectric constant enhances for all the measured 
samples. The various aspects are accountable for higher values of dielectric constant counting grain 
edge imperfections, oxygen voids, and interfacial dislocation pileup [38-39]. At high-temperature 
regions, an enhancement in the dielectric constant was seen at 1MHz frequencies. At high-frequency 
and temperature regions, the values of the dielectric constant are higher due to the polarization of 
arbitrarily oriented dipoles. 

  

 
Fig. 4. Variation of εʹ versus temperature at frequency 1MHz for PPy, 5%Y2O3-PPy, 10%Y2O3-PPy 

composites. 
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4.2. Dielectric Loss (εʺ) 
Fig. 5, illustrates the variation of ε" with temperature at a frequency of 1MHz. As the 

temperature increases, ε" decreases, indicating the amount of energy dissipated within the dielectric 
under an applied AC field. In low-temperature regions, grain boundaries predominantly influence 
the behavior, leading to an observed increase in dielectric loss. However, at high-frequency and 
temperature regions, the electrons initially change their direction of motion at the grain boundaries 
owing to which the chance of arriving electrons towards the grain boundaries reduces consequently, 
the dielectric loss is decreased. So, it is clear that the abrupt increase in dielectric loss at low- low-
temperature regions linked to interfacial polarization at the grain boundaries was distinguished. The 
large value of resistance was observed because of the insulating nature of the grain boundaries 
subsequently, much energy is needed for the exchange of electrons. Thus, a higher value of dielectric 
loss is recorded at low-temperature regions. 

 

 
 

Fig. 5. Variation of ε" versus temperature at frequency 1MHz for PPy, 5%Y2O3-PPy, 10%Y2O3-PPy 
composites. 

 
 
4.3. AC conductivity (σAC) 
The AC conductivity (σAC) for all samples was determined using the literature equation [40]. 
The variation in AC conductivity versus temperature at frequency 1MHz for all samples is 

depicted in Fig. 6(a-c). At high-frequency and temperature regions the hopping of polarons and 
bipolarons through the polymer chains was take place can be accountable for AC conductivity. 
Based on the Maxwell-Wagner model, the conducting grains in all samples are separated by notably 
resistive grain boundary layers [41]. The grain boundary effect diminishes the AC conductivity in 
regions of lower frequency and temperature. However, Jonscher's power law confirms the mutual 
connection between frequency and AC conductivity [42-43].  

 
                                                  σtot(ω) = σDC +Aωn                                                                   (1) 

 
where, σDC represents the DC conductivity, n is a dimensionless fractional exponent, and A is the 
preexponential factor with units corresponding to electrical conductivity. As ‘n’ tends towards zero, 
the electrical conductivity converges to the DC conductivity and becomes independent of frequency. 
Therefore, the AC conductivity can be expressed as the sum of the DC conductivity and frequency-
dependent AC conductivity. The results obtained from Fig. 6, it is confirmed that AC conductivity 
rises at a higher temperature and frequency region owing to the hoping of entombed charge carriers 
(polarons and bipolarons) through the conducting polymer chain [44]. Moreover, the values of 
dielectric constant (εʹ), dielectric loss (ε"), and AC conductivity (σAC) are summarized in Table 1. 
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Fig. 6. Variation of AC conductivity versus temperature at frequency 1MHz for PPy, 5%Y2O3-PPy, 
10%Y2O3-PPy composites. 

 
 

Table 1. Temperature-dependent dielectric properties of PPy, 5%Y2O3-PPy, 10%Y2O3-PPy  
composites at 1-MHz frequency range. 

                                                                           
Samples εʹ at 393K      εʺ at 393K σAC (S/cm) at 393K 
PPy 1330 88 3.4×10-3 
PPy-5%Y2O3 1370 80 4.4×10-3 
PPy-10%Y2O3 1440 73 6.9×10-3 

 
 
5. Conclusions 
 
Polypyrrole-doped Y2O3 was synthesized the PPy-Y2O3 composites by in-situ 

polymerization route. The structure of all the synthesized samples has been confirmed by X-ray 
diffraction analysis. The SEM also confirms the flakier structure in the PPy/Y2O3 composite. The 
impedance was calculated for pristine Y2O3 ~ 14 Ω, PPy ~12 Ω and PPy-10%Y2O3 composite are 
~10 Ω. The temperature-dependent dielectric properties follow the Maxwell-Wagner model. The 
AC conductivity of all composites increases with an increase in temperature based on Jonscher’s 
power law. Therefore, the synthesized composites can be considered useful for device applications 
and similarly for correlated fields. 
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