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Abstract
Polymer electrolytes based on poly(ethylene oxide)-aluminium chloride (PEO-
AlCl3) are synthesized by the casting method. The crystal structure, chemical bond-
ing, thermal, and electrical properties are investigated and correlated. Particularly, 
the interplay between the electrical conductivity, crystallinity, and thermal proper-
ties of the nanocomposite thin films is tested. Incorporating of suitable amounts of 
 AlCl3 into PEO thin films reduces the crystallinity degree and the crystallite size 
of the resulting nanocomposite thin films. The measured FTIR profiles confirm the 
complexation between  Al−3 ions and the ether oxygen of the PEO host polymer. Fur-
thermore, the melting temperature and melting enthalpy are significantly reduced by 
adding the ionic salt into the PEO thin films. Electrical characterization of the PEO-
AlCl3 thin films is performed using the four-point probe. The electrical conductivity, 
the conductivity maps, and activation energy of PEO-AlCl3 nanocomposite films are 
investigated to elucidate the effect of the complexation between  Al−3 ions and the 
ether oxygen of the host polymer. The room temperature conductivity of the pure 
PEO thin films is measured to be 1.67 × 10

−4
S/cm . The highest value of the con-

ductivity is attained for PEO doped by 5 wt% of  AlCl3. Moreover, electrical conduc-
tivity of all PEO-AlCl3 nanocomposite thin films is found to enhance with increas-
ing temperature. The optimized conductivity of PEO nanocomposite films doped by 
20 wt%  AlCl3 at 328 K is attained. The enhancement of physical and chemical prop-
erties of PEO-AlCl3 may pave the way to manufacture polymer nanocomposite films 
that could be potential candidates to fabricate high-efficiency photovoltaic devices.
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Introduction

Polymer electrolytes have attracted significant attention owing to their controllable 
physical and chemical properties. This class of polymers has been utilized in several 
applications and in developing photovoltaic devices, energy storage, sensors, and actua-
tors [1]. Among these, polyethylene oxide (PEO) is considered one of the most critical 
electrolyte synthetic polymers due to its good physicochemical properties as compared 
to other polyelectrolytes [2–4]. Moreover, it has an excellent ability to dissociate ions 
and dissolve ionic salts even at very high salt concentrations [5]. The ability to dissolve 
ionic salts takes place via the association of the cations with oxygen atoms in the PEO 
chains [6]. PEO has a high solubility in organic solvents making it easy to fabricate in 
the form of solid films [7, 8]. In addition, PEO is a semiconductor material with low 
electrical conductivity. It is the most promising material for developing polymer batter-
ies [9]. PEO has been used widely as a host matrix material for Li-ion polymer batter-
ies [10].

Furthermore, PEO has a semicrystalline nature at room temperature. Therefore, the 
crystalline phases hinder ion conduction by blocking charge carriers in the internal 
boundaries of the PEO chain leading to a limiting conductivity performance [8, 11]. In 
contrast, the amorphous phase is distinguished by a highly flexible backbone that con-
tributes to boosting the ionic conductivity through greater ionic diffusivity [12]. Like-
wise, the ionic conductivity and charge diffuse are related to the segmental motion of 
the polymer chains. Improving the segmental motion enhances charge carriers mobility 
within the amorphous phase of the polymer matrix [13, 14]. In this prospective, the 
electrical conductivity could be enhanced by several factors such as temperature and by 
doping the polymer with suitable inorganic ionic salt, especially alkali metal salts [15]. 
Aluminium ions  (Al+3) could be added to the polymer matrix as intense ions using 
 AlCl3 or other ionic forms.

The DC electrical conductivity could, however, be measured using a different 
method. One of the most common straightforward modern methods is the four-point 
probe technique that can measure the volume conductivity of the samples by consider-
ing the grain boundary conductivity [16]. The four-point probe technique could give an 
unequivocal value of the total conductivity [17].

In the present work, PEO-AlCl3 composite films with different ionic salt contents 
of  AlCl3 are prepared. The main aim of this study is to investigate the influence of 
the ionic salt concentration and the temperature (298–328 K) on electrical conductiv-
ity properties. Particularly, their influence on the ion transport properties, conductivity 
mapping, and activation energy will be studied in detail. To the best of our knowledge, 
no previous studies have been conducted to investigate the electrical conductivity and 
conductivity mapping of PEO composite films doped by  AlCl3 ions.
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Materials and methods

Synthesis of PEO‑AlCl3 nanocomposites films

Polyethylene oxide (PEO) with  MW of 300.000 g/mol, aluminum chloride  (AlCl3) 
with MW of 133.34 g/mol, and absolute methanol  (CH3OH) were purchased from 
Sigma-Aldrich. A stock solution of PEO was prepared by dissolving 1.0 g PEO in 
100 mL of methanol. The solution was stirred at about 45 °C and left for the next 
day to get a homogeneous solution. The composite solutions of PEO-AlCl3 with dif-
ferent amounts of  AlCl3 (wt% = 0%, 2.5%, 5%, 10%, and 20%) are prepared by add-
ing suitable amounts of  AlCl3 directly into 20 mL of PEO solution. The mixture is 
then exposed to ultrasonic Probe for 5 min under continuous magnetic string until 
the mixture becomes thoroughly homogenous. The PEO-AlCl3 composite thin films 
are then deposited on the glass substrates by casting technique. The thin films are 
produced by letting the solvent dry for 24 h at room temperature.

Characterizations techniques

Powder X-ray diffraction (XRD, Malvern Panalytical Ltd, Malvern, UK) and Fou-
rier transform infrared spectroscopy (FTIR, Bruker VERTEX 80/80v Vacuum 
FTIR Spectrometers) were used to examine the crystal and chemical structure of 
PEO-AlCl3 nanocomposite films. Differential scanning calorimetry (DSC 204F1, 
Netzsch-Proteus) was used to measure the heat flow of the PEO-AlCl3 nanocom-
posite films. Two milligrams of each sample was heated with a heating rate 10 °C /
min under a nitrogen flow. A four-point probe (Microworld Inc.) coupled to a high-
resolution multimeter was used to investigate the electrical properties of all samples 
(Keithley 2450 source meter).

Results and discussions

Crystal and chemical structure

Figure  1 displays the XRD patterns of pure PEO and PEO-AlCl3 nanocomposite 
films at 2θ ranging from 10 to 50°. The main sharp peaks appeared at the angu-
lar positions of 19° and 23° belong to the PEO confirming the crystalline nature of 
PEO. The first peak at 19° corresponds to the interchain distance (4.67 Å), and the 
second peak at 23° corresponds to chain fold distance (3.83 Å). No peaks belong-
ing to  AlCl3 in the XRD patterns are detected indicating the total dissolution of salt 
within the polymer matrix. The sharp peaks of PEO exhibit flattening and broad-
ening with low intensity as contents of  AlCl3 are increased suggesting that the 
amorphous phase is dominant in PEO-AlCl3 nanocomposite films [18]. This may 
be attributed to the disruption of the PEO structure due to interaction between the 
polymer chains and ionic salt that reduces the intermolecular interaction between 
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molecules [19]. In other words, the  Al+3 ions restrain the packing of PEO molecules 
due to the coordination bonds between ether O atoms (C–O–C group) of PEO and 
 Al+3 ions [20]. Remarkably, the dominant amorphous phase is distinguished by a 
highly flexible backbone that contributes to boosting the ionic conductivity through 
greater ionic diffusivity [12].

Moreover, when increasing the ionic concentration by more than 10 wt.%, a broad 
peak with low intensity located at 2� = 27◦ starts appearing and becomes more evi-
dent especially for PEO-AlCl3 20 wt% thin films. This result suggests an increase in 
the crystallinity compared to the PEO films with a low salt concentration. To elu-
cidate this effect, the degree of crystallinity (Xc) of PEO-AlCl3 can be estimated by 
Xc = Acres∕Atotal × 100% [21]. The (Xc) of pure PEO is 32.6%. Addition of 5 wt% of 
 AlCl3 into the polymer electrolyte reduces the crystallinity to 27.4%. It was noticed 
that the addition of 20 wt% of ionic salt into the PEO films led to an increase in the 
crystallinity to become 29.9%. Similar behavior of crystallinity has been reported in 
a previous work [22].

The key mechanical and elastic parameters such as crystallite size 
(D = �k∕� cos �) , microstrain (� = � cot �∕4) , dislocations density 

(

� = 1∕D2
)

 , crys-
tallite density 

(

N = t∕D3
)

 , total internal stress (� = E ∗ �) , and strain energy den-
sity 

(

Ed = E�2∕2
)

 are also estimated for all investigated PEO-AlCl3 nanocomposite 
films. The parameters used are λ, the wavelength of the X-ray (� = 0.154184 nm) , 
� is the full width at half maximum in radians, � is Bragg’s angle, and k is Scher-
rer constant (0.94), E is Young’s modulus, and t is the film thickness [23–29]. The 
obtained values are summarized in Table 1.

The crystallite size of PEO-AlCl3 exhibits a significant decrease. It decreases 
from 18.6 to 7.2  nm upon introducing 5 wt% of  AlCl3 into PEO matrix. Conse-
quently, both dislocations and crystallite density of the nanocomposite thin films 
increase. Furthermore, the dislocations density increases indicating more free 
spaces available and less crystallization and thus enhancing the charge carriers’ 
mobility within the polymer matrix. These results are in good agreement with those 
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Fig. 1  The XRD patterns of PEO-AlCl3 nanocomposite films with various concentrations of  AlCl3
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previously reported [30, 31]. The microstrain has also been noticed to exhibit a sig-
nificant increase different amounts of  AlCl3 which are introduced in the polymer 
matrix. This may be attributed to the electrostatic interactions between the polymer 
chains and ionic salt that increase the strain energy in the PEO-AlCl3 composite 
films and produce deformation in the structure. As a result, the di-electricity proper-
ties of the material are enhanced. The total internal stress and strain energy density 
of pure PEO film are estimated to be 0.65 × 10−1 GPa and 2.1 × 106j.m−3 , respec-
tively. Both increase due to the injecting of various amounts of  AlCl3 into the PEO 
matrix as shown in Table 1.

Figure 2 shows the FTIR spectra of pure PEO and PEO-AlCl3 composite films 
incorporated with various concentrations of  AlCl3. Generally, there is no significant 
effect on the bonds of PEO upon the injection of different amounts of  AlCl3 into the 
PEO matrix. A small peak at about 526   cm–1 is assigned to –CH2 stretching. The 
vibrational bands that are perceived between 700 and 1000  cm−1 are assigned to the 
C–H bending vibrations. The vibrational bands between 1000 and 1400  cm−1 cor-
respond to the C–O–C stretching vibrations. In addition, –CH2 bending vibration 

Table 1  The structure parameters of PEO composite films with different contents of  AlCl3

The significance of the parameters indicated in bold is revealed by indicating the significant effect of 
inserting different concentrations (wt.%) of  AlCl3 on key structural parameters of PEO thin films

Content [wt.%] Xc% D [nm] �(10
−2) � * ( 1011 ) 

[ lines/cm2]
(N)*1013 
[crys. /
cm2]

� ∗ 10
−1
[GPa] E

d
∗ 10

6[J.m−3
]

0% 32.6 18.6 1.16 0.28 0.77 0.65 2.10
2.5% 29.6 9.8 2.25 1.03 5.26 1.24 7.09
5% 27.3 7.2 2.71 1.94 13.5 1.49 18.3
10% 29.8 8.1 2.39 1.54 9.59 1.31 17.6
20% 29.9 8.5 2.28 1.37 8.05 1.25 13.6
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Fig. 2  The FTIR spectra of PEO-AlCl3 composite films with various concentrations of  AlCl3
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appeared at 1464  cm–1 [32]. The symmetric and asymmetric C–H stretching vibra-
tions are observed at 2880  cm–1 that exhibit smaller width and intensity as  AlCl3 is 
introduced in the PEO matrix. The decrease in the width and intensity may be attrib-
uted to the high electronegativity of  Al−3 ions as compared with the PEO molecules 
[33]. Furthermore, it looks there is a tiny intensity vibration band within (3300  cm–1 
to 3660   cm–1) spectral range associated with the O–H band (hydroxyl band). This 
band becomes more apparent at high concentrations of ionic salt. This result may 
confirm the complexation that occurs between  Al−3 ions and the ether oxygen of the 
host polymer [32, 34].

Differential scanning calorimeter (DSC)

DSC analysis is considered as one of the most appropriate methods for analyzing 
the thermal properties of semicrystalline polymers. Figure 3 shows the DSC curves 
of PEO-AlCl3 composite films. Each DSC curve demonstrates an endothermic 
peak due to the melting temperature 

(

Tm
)

 of the polymer electrolytes. The endo-
thermic peak occurs due to the absorption of thermal energy by the sample. All 
the DSC parameters, including onset temperature 

(

T0
)

 , end temperature Te , melt-
ing temperature 

(

Tm
)

 , and fusion enthalpy 
(

ΔHm

)

 , are represented in Table 2. The 
peak value represents the melting temperature 

(

Tm
)

 . The Tm is found to be 74 °C, 
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Fig. 3  The DSC curves of PEO-AlCl3 nanocomposite films

Table 2  The DSC parameters of 
PEO-AlCl3 nanocomposite films

Content [wt%] T0 [℃] Te [℃] Tm [℃] ΔHp [J/g] Xc [%]

0% 61.7 81.3 74 116.6 57.4
5% 59 72.2 67 107.8 53.1
20% 60.4 76.5 70.9 92.14 45.4
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67 °C, and 71 °C for pure PEO, PEO-5 wt%  AlCl3, and PEO-20 wt%  AlCl3, respec-
tively. Clearly, introducing  AlCl3 into PEO films results in a reduction of the melting 
temperature indicating the relaxation of the polymer chains and more flexibility is 
inherited. Moreover, the fusion enthalpy 

(

ΔHm

)

 can be determined from the area 
of endothermic peak. It exhibits a significant reduction upon the incorporation of 
 AlCl3 into PEO matrix. The values of ΔHm are found to be 116.6 J/g, 107.8 J/g, and 
92.14 J/g for pure PEO, PEO-5 wt. %  AlCl3, and PEO-20 wt.%  AlCl3, respectively. 
The decrease in the melting temperature and the fusion enthalpy may be attributed 
to a discontinuity in the PEO chains as well as a reduction in the interaction forces 
between the molecules within the PEO matrix as the ionic salt is added to the poly-
mer matrix [35]. In other words, the  Al+3 and  Cl−2 ions may work to cut out the 
packing of the PEO backbone and enhance the mobility of segment motion, subse-
quently reducing the crystallinity and improving the ionic conductivity of the PEO 
[36, 37]. The obtained results of melting temperature and the fusion enthalpy agree 
with the previous studies [37, 38].

Moreover, the crystallinity 
(

Xc

)

 of samples can also be estimated as [39],

The ΔHp is the fusion enthalpy of pure PEO of 100% crystallinity (203  J/g), 
and ΔHc is the fusion enthalpy of the prepared films. The pure PEO film exhibits a 
higher value of crystallinity calculated to be about 57.4%. However, the crystallinity 
decreases to 45% for PEO-20 wt%  AlCl3. The crystallinity obtained from XRD or 
DSC follows the same behavior. We observe that the DSC scan speed may affect the 
fusion enthalpy and melting temperature and subsequently impacting the crystallin-
ity [38]. The obtained results from the DSC data demonstrate a correlation between 
the ionic salt and each fusion enthalpy, the crystallinity of the films, and the ionic 
conductivity.

Electrical conductivity and sheet resistance

The variation in the sheet resistance and the electrical conductivity of PEO-AlCl3 
nanocomposite films was plotted as a function of concentrations of  AlCl3 at different 
temperatures (298 K, 308 K, 318 K, 328 K), as shown in Fig. 4a, b. The electrical 
conductivity (�) of films is related directly to the resistivity (�) , sheet resistance 

(

Rs

)

 , 
and thickness of the film (t) by � = 1∕� and � = tRs , and the thickness of films was 
estimated to be about one μm [40, 41].

Obviously, the electrical conductivity exhibits a reverse behavior to that of the 
sheet resistance as shown in Fig. 4. The effect of  AlCl3 content and temperatures on 
the conductivity is illustrated in Fig. 4.

At room temperatures condition, Rs of pure PEO thin films is calculated to be 
5.52 × 107 Ω/sq. It decreases to 3.9 × 107 Ω/sq for PEO-AlCl3 containing 5 wt% of 
 AlCl3. The � parameter of pure PEO thin films is found to be 1.67 × 10−4 S/cm. It 
increases to a maximum value of 5.1 × 10−4  S/cm for PEO doped with 5 wt% of 
 AlCl3. Remarkably, PEO films doped by 5 wt% of  AlCl3 have the smallest degree 

(1)Xc =
ΔHc

ΔHp

∗ 100%
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of crystallinity as presented in Table 1. Increasing the conductivity with increasing 
the ionic concentration  (Al+3) in the polymer matrix is attributed to the increase of 
the concentration and mobility of charge carriers. This is caused by the segmental 
motion of  Al+3 through the amorphous nature of the polymer chains. It is worth 
mentioning that the DC conductivity of the dielectric materials is related directly 
to carriers concentration and carriers mobility by � = eneμe [42]. The reduction in 
the cohesion force of polymer chains is accountable for facilitating the segmental 
motion and thus enhancing charge carriers mobility within the polymer matrix [13]. 
Additionally, bridging the gaps between the localized states through the  Al+3 ions 
may improve the electrical conductivity [43].

As can be seen from Fig. 4, conductivity exhibits a slight reduction upon intro-
ducing 10 wt% and 20 wt% of  AlCl3. This could be attributed to an accumulation 
of  Al+3 ions that restricts the carriers mobility and increases the crystallinity of the 
polymeric matrix in consistent with the XRD findings. On the other hand, strong 
electrostatic interactions between  Al+3 ions and the negative charges of the ether 
oxygen atoms of the PEO chain may reduce the dipole moment and the dielectric 
polarization. Consequently, it hinders segmental motion and carriers mobility [42].

Furthermore, the electrical conductivity of all PEO-AlCl3 nanocomposite thin 
films is enhanced as the temperature is increased as shown in Fig. 4b. This enhance-
ment is due to  Al+3 ions’ thermal activation energy that makes them transfer to 
another coordinating site [1]. Moreover, increasing the temperature leads to incre-
mental segment motion against the cohesive force depending on the energy of seg-
ment vibrations [44]. The overall behavior of the conductivity at 298 K and 308 K 
is similar, and the highest value is obtained for PEO-AlCl3 (5 wt%). However, it 
exhibits a significant change at 318 K and 328 K and the highest value is obtained 
for PEO-AlCl3 (20 wt%). This could be interpreted in terms of increasing the ther-
mal energy that increases the available volume around the polymer chains leading 
to overcoming constraints of ions accumulation at high doping levels and enhancing 
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mobility [1, 45]. Interestingly, the PEO-20 wt%  AlCl3 nanocomposite thin films 
at 328 K exhibit the highest possible value of conductivity 

(

8.4 × 10−4 S/cm
)

 and 
smallest value of sheet resistance (2.3×107  Ω/sq). The activation energy (Ea) of 
the PEO-AlCl3 nanocomposite films has been estimated by Arrhenius equation; 
� = �0 exp

(

−Ea∕KBT
)

 , where �0 is the pre-exponential factor, T  is the tempera-
ture [K], and KB is the Boltzmann constant [4]. It expresses the required energy of 
ions hops between the localized states and the energy of defects formation [46]. The 
Ea parameter is calculated from the slopes of ln (�) versus 1000/T(K) for the PEO-
AlCl3 nanocomposite films containing various contents of  AlCl3 (Fig. 5a).

Figure 5b shows the variation of activation energy as a function of  AlCl3 contents 
for PEO films. Obviously, adding various concentrations of  AlCl3 into PEO films 
reduces the activation energy and thus an electrical conductivity enhancement. The 
highest value of Ea is attained for pure PEO films indicating that these films require 
the highest energy for hopping between the localized sites. In contrast, the smallest 
value (about 0.07 eV) is obtained for PEO-AlCl3 (2.5 wt%). Thus this film exhibits 
an increase in ions’ mobility through the dominant amorphous nature of the polymer 
matrix [3]. Adding more content of  AlCl3 ions into the PEO films increases the con-
centration of charge carriers that seemingly need more activation energy for hopping 
between the localized states. This explains the high values of the activation energy 
for PEO-AlCl3 nanocomposites containing 5 wt%, 10 wt%, and 20 wt%.

Figure 6a–c shows the conductivity map of pure PEO and PEO-AlCl3 (20 wt%) 
nanocomposite films at room temperate and at 328 K. It indicates the variations of 
the conductivity over multiple locations in the films. Several factors influence the 
conductivity distribution such as ions concentrations  Al+3, the grain size related to 
the growth process, local adsorption of environmental contaminants and wrinkles or 
cracks in the surface [47].

The conductivity values of pure PEO film at 298  K range from 2.7 × 10−4 to 
4.7 × 10−4 S/cm across the film. Incorporation of 20 wt% of  AlCl3 into the polymer 
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matrix leads to a change in conductivity distribution from one point to another due 
to the increased  Al+3 ions concentrations as demonstrated in Fig. 6a and c. Elevating 
the temperature to 328 K has a significant impact on the conductivity distribution 
of pure PEO and PEO-AlCl3 (20 wt%) films that could be attributed to the increas-
ing of the segment motion and enhancing the mobility of charge carriers through 
the PEO-AlCl3 nanocomposite films as can be clearly seen from Fig. 6c and d. The 
conductivity values of PEO-AlCl3 (20 wt%) films at 328 K range from 1.2 × 10−4 to 
3.4 × 10−3 S/cm.

Conclusions

In summary, polymer electrolytes nanocomposite films (PEO-AlCl3) are syn-
thesized and characterized. The as-prepared thin films exhibit a semicrystalline 
nature indicating that the crystalline peaks overlap with the amorphous band. 
Incorporating suitable amounts of  AlCl3 into PEO films leads to a reduction in 
the crystallinity degree of the composite films. The amorphous nature contributes 
to boosting the ionic conductivity through greater ionic diffusivity. This could 
be attributed to the enhancing of the segmental motion of the polymer matrix. 
The crystallite size of pure PEO film is 18.6 nm that decreases depending on the 
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5443

1 3

Polymer Bulletin (2023) 80:5433–5446 

content of  AlCl3 ionic salt in the PEO matrix. In contrast, the microstrain, dislo-
cations density, crystallite density, total internal stress, and strain energy density 
all increase as the content of  AlCl3 is increased in the PEO matrix. This may be 
attributed to the electrostatic interactions between the polymer chains and ionic 
salt, consequently, increasing the strain energy in the PEO-AlCl3 composite films 
and producing deformation in the structure. The significant increase in these 
parameters results in improving the di-electricity properties of the films.

To elucidate the effect of introducing the ionic salt on the lattice dynamics and 
vibrational models of the films, FTIR spectra demonstrate no significant effect. 
However, the O–H band (hydroxyl band) becomes more apparent especially at 
high concentrations of ionic salt. This result confirms the complexation that 
occurs between  Al−3 ions and the ether oxygen of the host polymer.

Analyzing DSC data confirms the relationship between the ionic salt and each 
fusion enthalpy, the crystallinity of the films, and the ionic conductivity. Add-
ing  AlCl3 into PEO films leads to a decrease in the melting temperature, fusion 
enthalpy, and crystallinity.

The impact of the ionic salt  (AlCl3), as well the temperature on the sheet resist-
ance, the electrical conductivity, and the conductivity mapping of PEO-AlCl3 
composite films, is investigated and interpreted. The conductivity of pure PEO 
thin films at room temperature is found to be 1.67 × 10−4 S/cm. It increases to the 
highest value of about 5.1 × 10−4 S/cm for PEO doped by 5% wt of  AlCl3. Fur-
thermore, electrical conductivity of all PEO-AlCl3 composite films is enhanced as 
the temperature is increased. The PEO composite film doped by 20 wt % of  AlCl3 
at 328 K exhibits the highest value of conductivity ( 8.4 × 10−4 S/cm). Moreover, 
inserting various concentrations of  AlCl3 into PEO films reduces the activation 
energy. Therefore, the concentration of charge carriers is considerably increased.

The conductivity maps of pure PEO film and PEO-AlCl3 composite film doped 
by 20 wt % at room temperature (298 K) and 328 K exhibit variations of the elec-
trical conductivity depending on the  AlCl3 contents. Several factors contribute 
to the conductivity distribution such as ions concentrations  Al+3, the grain size 
related to the growth process, local adsorption of environmental contaminants 
and wrinkles or cracks in the surface. The results reported in this work may pave 
the way to fabricate polymer composite films that could be potential candidates 
for the fabrication of high-efficiency scaled functional photovoltaic devices.
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