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ABSTRACT: Zinc oxide and organic polymer (poly-ethylene oxide) based nanocomposite membranes were prepared and their phase 
relationship investigated. The composites were characterized by XRD, Raman scattering, DSC, and impedance spectroscopy analysis. It 
was found that embedding inorganic nanoparticles of ZnO into the polymer matrix of PEO allowed for some crystallinity formation, and 
cross-linking of the polymer composites during annealing or synthesis. The XRD and Raman scattering results show more defined peaks 
assigned to each phase of the composite as the ZnO content increases from 0 to 30% weight ratio, thus indicating that ceramic filler remain 
in the semi-crystalline polymer matrix as a separate crystalline phase. The dc-electrical conductivity increases by two or three orders of 
magnitude from blank (organic phase only) (∼10-6 Scm-1) to the 30 % wt. ZnO composite membrane (∼10-4 Scm-1). Electrical conduction 
changed as a function of temperature with an Arrhenius-type behavior.
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RESUMEN: El compuesto polimérico tipo membrana de oxido de zinc con el polímero orgánico poly(ethelyne)oxide, fue manufacturado 
para estudiar la correlación de fases. Difracción de rayos-X (XRD), Dispersión Raman (RS) calorimetría diferencial de barrido (DSC) y 
espectroscopia de impedancia (EI) mostraron que las nano-partículas de ZnO están inmersas homogéneamente en la matriz de PEO dándole 
un cierto orden cristalino. Las posiciones de los picos de los registros XRD y RS del composito evidenciaron la separación de la fase 
semi-cristalina de PEO con la fase cristalina del ZnO para todo el rango del contenido. La variación de la conductividad eléctrica dc con la 
temperatura es tipo Arrhenius para el composito. La conductividad eléctrica dc del PEO (∼10-6 Scm-1) se incremente en cerca de dos órdenes 
de magnitud con la presencia 30% wt. de ZnO (∼10-4 Scm-1).

PALABRAS CLAVE: Poly-ethylene oxide (PEO), Materiales composito, Espectroscopia Raman, Poliméricos electrolíticos, Propiedades 
dieléctricas.

1.  INTRODUCTION

Permanent electrical effects in polymer-based materials 
have been utilized in a wide variety of applications 
and have steadily gained growing importance in our 
daily life. These extend from technological areas to the 
biological and medical fields and have impact in various 
areas of research, development, or production. The 
study of electrical conductivity behavior constitutes a 
powerful approach for obtaining information about the 
nature and types of molecular motions and the manner 

in which they are affected by chemical composition, 
molecular structure, and morphology [1–4]. 

Numerous investigations have been conducted on 
a variety of polymeric composites with an aim to 
understand the nature [5,6] of complexation and 
to characterize the obtained materials. The main 
advantages of PEO as a matrix polymer are its 
chemical, mechanical, and electrochemical stabilities, 
since it contains only strong unstrained C–O, C–C, and 
C–H bonds. PEO shows the glass transition temperature 
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at Tg = 61 °C and crystalline melting in the region 
between 50° and 70 °C. PEO is very flexible because 
of the presence of swivel ether linkages and the repeat 
unit, –CH2CH2O–, provides just the right spacing to 
accommodate other atomic species.

ZnO is a wide band gap semiconductor with great 
potential for a variety of commercial applications. The 
native doping of the semiconductor (due to oxygen 
vacancies) is n-type. This semiconductor has several 
favorable properties: good transparency, high electron 
mobility, wide bandgap, strong room-temperature 
luminescence, etc. Those properties are already used 
in emerging applications for transparent electrodes in 
liquid crystal displays and in energy-saving or heat-
protecting windows, and electronic applications of 
ZnO as thin-film transistors and light-emitting diodes. 
Zinc oxide nanoparticles (ZnO) have become one of 
the most widely-studied metal oxide materials [7]. The 
tremendous interest is provoked by the multifunctional 
characteristics of ZnO and various options to tune its 
properties by controlling size and morphology. As 
a white powder, ZnO finds extensive use today  as 
an additive into numerous materials and products 
including plastics, ceramics, glass, cement, rubber 
(e.g., car tires), lubricants, paints, ointments, adhesives, 
sealants, pigments, foods (as a source of Zn nutrient), 
batteries, ferrites, fire retardants, first aid tapes, etc. [8–
10]. Recently, [11] have reported highly sensitive room 
temperature sensors based on the UV-LED activation 
of zinc oxide. So far, technological and engineering 
applicatons of ZnO usually require its dispersion in an 
organic phase. However, ZnO nanoparticles in aqueous 
media agglomerate into flocculates ranging from 
several hundred nanometers to several microns and thus 
do not interact with microorganisms effectively [12].

A main route for realizing the large-scale potential for 
polymer/ZnO nanocomposites is to homogeneously 
disperse ZnO with nanoscale dimension within the 
polymer matrix. Moreover, the control of the interfacial 
interactions is crucial, such that the ZnO crystalline 
phases remain stable within the composite. 

According to a previous report [13], PEO exhibits a 
monoclinic crystalline order with cell parameters: a = 
8.05Å, b = 13.04Å, c = 19.48Å, b = 125.4°, forming 
a twisted linear chain of carbon and oxygen atoms 

along the c axis. The twisted chains form 7/2 helices (7 
monomeric units turn around twice). On the other hand, 
ZnO crystallizes in the in hexagonal wurtzite structure 
with space group P63mc(c6n

4), and the cell parameters 
under normal conditions of pressure and temperature are: 
a = 3.253Å and c = 5.2113Å, according to the structure 
reported in the JCPDS 36-1451 file. This phase is stable 
in the temperature range between 20 to 100 oC [14].

Lee et al. [15] have examined the effects of the addition 
of ZnO powder on the mechanical, optical, and charge 
transport properties of a PEO-PVA-based polymeric 
complex. Lee also observed that high content of 
the ceramics filler rather deteriorates the composite 
properties due to particle agglomeration. 

This paper presents a study of phase relationship 
of composite membranes prepared by embedding 
nanoparticles of ZnO in the PEO polymer matrix, 
using a solution-casting method. A simple and practical 
approach to prepare well-dispersed nanocomposites 
with ZnO nanoparticles in a poly (ethilane oxide) 
(PEO) matrix is demonstrated. The effect of ZnO 
content on the structures and properties of PEO-ZnO 
nanocomposites is studied by using X-ray diffraction, 
differential scanning calorimetry (DSC), Raman 
scattering, and impedance measurements. 

2.  EXPERIMENTAL

Poly(ethyleneoxide) (PEO, molecular weight 8,000000 
Aldrich) and zinc oxide (ZnO, Aldrich) were used 
without any further chemical purification. Anhydrous 
acetonitrile (Merck) was used as a solvent for the 
preparation of polymer as well as the polymer-ceramics 
composites. Required amounts of PEO and ZnO 
were dissolved separately in acetronitrile, obtaining 
solutions with concentrations of 2.5 and 5% wt. of the 
corresponding total solution weight, respectively, and 
each of them subject to ultrasound vibration for 45 
min, and then mechanically stirred for 2.5 h. The two 
solutions were then mixed and stirred for 24 h until a 
homogenous mixture was obtained. The mixture was 
then poured into Teflon dishes (diameter 10 cm) and 
kept for evaporation inside a vacuum oven at 35 °C for 
4 h followed by drying in desiccators under vacuum 
for 1 day. The final semitransparent, good quality, dry, 
free standing films had the following approximate 
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thickness: between 0.040 and 0.070 mm. Neat polymer 
composites were initially prepared with five different 
ZnO/PEO concentrations, x (= 0, 5, 10, 20,and 30% wt. 
of total sample weight). For all concentrations of ZnO, 
good quality free standing polymer-ceramic composite 
films were obtained. 

For conductivity measurements circular disc shaped 
samples (size: radius = 2.00 mm, thickness = 0.051 
mm) were cut and then sandwiched between two 
stainless steel electrodes in a homebuilt cell using the 
two-electrode configuration. A K-type thermocouple 
located close to the sample was used as a temperature 
sensor. All the measurements were made in a nitrogen 
atmosphere. The temperature measurements were 
from 23 to 90 °C. The experimental temperatures were 
changed at intervals of 5 °C and the corresponding 
isotherm was maintained within ±0.1 °C during each 
frequency-scan by the temperature-controlled shielded 
chamber. The impedance data, Z(w) = ReZ(w)-
iImZ(w) (i = Ö-1, w = 2πf[Hz]) were collected, in the 
10 - 32 MHz frequency range, using a Solartron 1260 
impedance analyzer at a excitation signal of 500 mV.

Differential scanning calorimetry (DSC) measurements 
were done using a TA Instruments DSC Q100 in 
hermetically-sealed aluminum crucibles in the 
temperature range from 60 to 120 °C at a heating 
rate of 10°C/min for both heating and cooling cycle. 
X-ray diffraction measurements were done on an A8 
Advance Buker AXS diffractometer, Cu-Kα radiation 
from 5°≤2θ≤50° at room temperature. Raman scattering 
spectra were recorded using a LabRam HR800 Horiba 
Jovin Yvon provided with an incident radiation source 
of 473 nm, and capabilities for measuring wave-number 
shift between 200 and 1400 cm-1. The spectra were 
recorded in the 23–82°C temperature regions. The 
experimental temperatures were changed at intervals 
of 5 °C and the corresponding isotherm was maintained 
within ±1.0 °C during each spectra-scan by a home-
made temperature-controlled shielded chamber. 

3.  RESULTS AND DISCUSSION

3.1. X-ray diffraction (XRD) studies

Figure 1 shows the X-ray diffraction patterns of PEO, 
ZnO, and various PEO-ZnO composite samples at 25 

°C. PEO shows major diffraction peaks at 2θ = 19.2° 
and 23.6° that correspond to the crystalline phase of the 
polymer [13]. ZnO shows a pattern whose main lines 
are indexed according to reported data, the JCPDS 36-
1451 file. In the PEO–ZnO nanocomposites, the peaks 
of both components remain for all ZnO concentrations, 
without any appreciable change in peak positions or 
widths for those peaks assigned to the ZnO phase. 
Moreover, the PEO lines at 19.2° and 23.6° of the 
composites become greatly intensified compared to 
pure PEO, suggesting an increase in crystallinity. 

Figure 1. X-ray diffraction patterns of several PEO+xZnO 
composites. For comparison, the spectra of pure PEO and 

ZnO have also been reported. The peaks were indexed 
in accordance with [13] and [14] for PEO and ZnO, 

respectively. IPEO and IZnO are control peaks for calculating 
the phase relationship.

The cell parameters for the various XRD patterns were 
fitted to the Xpowder program. In the case of the ZnO 
phase, the cell parameters were calculated from the 
evolution as a function of ZnO concentration of the 
(100), (002) and (101) reflexions, obtaining the values 
reported in Table 1, in which no major variations were 
observed in the composites compared with those of the 
PEO and ZnO crystalline phases [13,14,17]. Beyond 
that, an estimation of the average crystallite size of 
the dispersed ZnO nanoparticles, using the Debye-
Scherrer’s formula, gives 39 nm. Thus, these results 
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Figure 2. Plot of the ration of IPEO/IZnO for both X-ray and 
Raman measurements as a function of ZnO content (x) at 

room temperature. The line is a visual guide.

indicate that the interaction between ZnO’s oxygen 
ions and coordinating groups on PEO (O−) are very 
weak, resulting in two-phase composites for all ZnO 
concentrations. Even more, the two-phase composition 
of the membranes was monitored with the intensity 
ratio of the lines at 2q = 19.2 ° (PEO) and 2q = 36.35° 
(ZnO), respectively, as shown in Fig. 2. The intensity 
ratios IZnO/IPEO are in close agreement with the two-
component weight ratio x. 

Figure 3. Variation with temperature of the Raman spectra 
of PEO. The peaks assignment was done according to [14].

3.2.  Raman scattering (RS) studies 

Figure 2 shows the Raman spectra of PEO at various 
isotherms in the 30–82 °C temperature range. The 

assignment of bands corresponds to those reported in 
[16]. There are no marked changes in the characteristic 
bands for PEO; for example, in its –CH2 rocking band 
near 839 cm-1 below approximately 70 °C. However, 
the spectra recorded at 82 °C show broadening and 
weakening (via normalization, not shown here) of all 
the signature PEO bands. 

Figure 4. Variation with temperature of the Raman spectra 
of ZnO. The most intensive Raman line E2(high) was 

assigned as a control peak to calculate phase relationship 
in the composites prepared.

Table 1. Structural parameters of the PEO+xZnO 
composite at 23 °C

PEO+ 
xZnO PEO ZnO

% a(Å) b(Å) c(Å) a(Å) c(Å)

X = 0 8.021± 
0.002

13.040± 
0.007

19.484± 
0.007

X = 5 8.039± 
0.007

13.0240± 
0.005

19.451± 
0.005 3.253 5.192

X = 10 8.027± 
0.005

13.027± 
0.007

19.089± 
0.005 3.253 5.198

X  = 20 8.019± 
0.007

13.045± 
0.009

19.590± 
0.007 3.253 5.192

X = 30 8.023± 
0.005

13.040± 
0.008

19.364± 
0.004 3.253 5.166

ZnO 3.253 5.204

Table 2. Calorimetric parameters of the PEO+xZnO 
composite

PEO+xZnO Tm(°c) DΔm(J/g) c(%)
X = 0 66.2 175.9 100
X = 5 64.8 166.7 94.7
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PEO+xZnO Tm(°c) DΔm(J/g) c(%)
X = 10 65.5 138.5 78.7
X = 20 65.3 141.5 80.4
X = 30 66.5 126.7 72.0

with respect to those shown at room temperature spectra, 
thus indicating higher local disorder. For the region 
with a wave-number less than 1000 cm-1, the existing 
bands are associated with distortion in the –CH2 groups 
(–CH2 rocking bands), while those in the region with a 
wave-number greater than 1000 cm-1 are associated with 
vibrations in the C-O, C-C and -CH2 bonds. When PEO 
is heated through its melting point, those vibrational 
modes with lowest wave-numbers are susceptible to 
disappear, while those with higher wave numbers tend 
to overlap each other, forming broader bands, which is 
characteristic of an amorphous material.

Figure 5. Micro-Raman spectra of the composites 
recorded at 25 °C. Arrows indicate the control peaks used 

to calculate the two-phase mixture composition.

Figure 4 shows the Raman spectra of ZnO at various 
temperatures between 21 and 100 °C without any 
appreciable variations among them, in concordance 
with the reports [14]. The band assignments are 
identical to those previously reported [14]. The Raman 
active peak designated as E2(high) was chosen as the 
most representative one for further analysis of the 
spectra. This peak at around 420 cm-1 is basically 
attributable to non-polar phonon vibrations of the ZnO 
structure according to previous results [17,18] and is 
characteristic of a hexagonal-crystalline structure, in 
concordance with the XRD results. 

Figure 6. Micro-Raman spectra of the composites, 
recorded at 70 °C. The arrow indicates the control peak 
used to calculate the two-phase mixture compositions.

Figure 5 shows the Raman spectra of pure PEO, 
ZnO, and various PEO-ZnO composites at 25 °C. In 
the PEO–ZnO nanocomposites, the Raman modes 
of each individual component remain for all ZnO 
concentrations, without no appreciable change in peak 
positions or widths for those peaks assigned to the pure 
components. The Raman results are consistent with the 
XRD results, indicating that the interaction between 
the PEO and ZnO crystalline phases is probably 
weak. Figure 6 shows the Raman spectra obtained at 
70 °C, close to the melting point of PEO, where the 
peaks attributed to PEO become broader, showing 
a decrease in the crystallinity of the polymer phase. 
On the other hand, those modes attributed to the filler 
remain unalterable, indicating that no interactions 
between the polymer chain and the ZnO nanoparticles 
are taking place. Moreover, as in the case of the of 
the XRD analysis, the two-phase composition of the 
membranes was monitored with the intensity ratio of 
the Raman peaks IPEO and IZnO, respectively, as indicated 
in Fig. 2. The Raman results confirm again that the 
intensity ratios IZnO/IPEO are in close agreement with 
the two-component weight ratio, x. 

3.3. Differential scanning calorimetry (DSC) studies

DSC results for the PEO-ZnO composites at various 
concentrations (not shown) indicated that the melting 
point of the PEO crystalline phase is almost the same as 
that observed for pure PEO whose melting endothermic 
is observed at around 60 °C, implying a conservation 
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in the degree of crystallinity compared to that of pure 
PEO. That is, the DSC results are consistent with the 
structural results reported above, in the sense that the 
addition of the ZnO nanoparticles does not seem to 
affect the 

Figure 7. The Bode plots, impedance modulus vs. 
frequency, for various composites at 50 °C

crystalline phase of PEO, as a consequence of none 
or very weak interaction between the added ZnO 
nanoparticles.

3.4.  Impedance spectroscopy (IS) studies

The frequency dependence of the impedance, plotted as 
log Zvs. log f, for pure PEO, ZnO, and the PEO-ZnO 
composited, is shown in Fig. 7 for the data collected at 
50 °C; and Fig. 8, for the impedance data collected at 90 
°C. All the Nyquist plots, -ImZ vs. ReZ (not shown), in 
the tested frequency range from 10 to 10 MHz, gave a 
semicircle that is well modeled by an equivalent circuit 
consisting of a parallel combination of a capacitance 
(C) and a resistance (R). The value of the resistance 
is very high for pure ZnO, so its impedance behaves 
as –i/2πfC, and therefore, Z is proportional to 1/f, 
as shown in Figs. 8 and 9. On the other hand, PEO 
showed a lower resistance than ZnO, and therefore an 
almost flat region is exhibited in the low-frequency 
range, where the capacitive reactance is much higher 
that the resistive one, thus Z is dominated by R as 
shown in Figs. 7 and 8. 

Figure 8. The Bode plots, impedance modulus vs. 
frequency, for various composites at 90 °C

4.  CONCLUSION

In this contribution we have successfully demonstrated 
the benefits of introducing highly-dispersed ZnO 
with nanoscale dimension within the PEO matrix. 
The composites were characterized by XRD, Raman 
scattering, DSC and impedance spectroscopy analysis. 
The results indicate that the control of the interfacial 
interactions is crucial, such that the ZnO crystalline 
phases remain stable within the nanocomposites. In 
particular, the XRD and Raman scattering results 
show more defined peaks assigned to each phase of the 
composite as the ZnO content increases from 0 to 30 % 
weight ratio, thus indicating that ceramic filler remain 
in the semi-crystalline polymer matrix as a separate 
crystalline phase, or that the interaction between the 
PEO and ZnO crystalline phases is probably weak, 
even above the melting point of the PEO crystalline 
phase. In addition, the DSC results are consistent with 
the XRD and RS results, in the sense that the addition 
of the ZnO nanoparticles do not seem to affect the 
crystalline phase of PEO. The dc-electrical conductivity 
of the composites slightly increases with ZnO content, 
reaching a value of the order of 10-5 Scm-1 at 90 °C.
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