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Sustainable biodegradable solid blend polymer films based on polyvinyl 
alcohol (PVA) doped with various weight fractions (from 3.6 to 42.7 
%) of potassium chloride (KCl) nanoparticles were developed via the 
solution casting method. Differential Scanning Calorimetry revealed that 
KCl contents above 10.1 % significantly reduce crystallinity, while water 
evaporation exhibits overlapping peaks. Fourier Transform Infrared 
spectroscopy confirmed the interactions between PVA and the KCl 
nanoparticles. Scanning Electron Microscopy combined with Energy 
Dispersive X-ray mapping highlighted the formation of hydrated KCl 
crystals at dopant levels above 10.1 %. Broadband Dielectric Spectroscopy 
revealed that the AC conductivity is strongly dependent on KCl content, 
frequency (10-1 to 106 Hz), and temperature (20 to 150°C), with the 
DC conductivity extracted from the low-frequency plateau exhibiting 
Arrhenius behavior. DC conductivity increases with KCl content up 
to 10.1 %, reaching 2.5x10-7 S/cm at 20 °C, representing a five order of 
magnitude enhancement over pure PVA. The interesting correlations 
between thermal, vibrational, morphological, and electrical properties 
demonstrate that 6.9 to 10.1 % of KCl nanoparticles blending effectively 
enhances ionic conduction in PVA based solid polymer films, offering 
promising perspectives for flexible electronics, sensors and energy storage 
applications.

INTRODUCTION
Actually, interest in biodegradable polymer-

based solid films with distinctive electrical, thermal 
and mechanical properties has intensified due 
to the emergence of sustainable energy storage 
systems. The growing use of polymer-based solid 
films in a wide range of technological applications 
is mainly driven by their improved safety, 

mechanical flexibility, reusability and applicability. 
Moreover, advances in polymer-based solid films 
play a pivotal role in driving scientific progress 
and underpin vital improvement in fields such as 
solar energy, light-emitting diodes, sensors, laser 
systems, pacemaker batteries, and many other 
sectors [1–6]. However, environmental concerns, 
non-biodegradability, toxicity, and the reliance 
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on petroleum-based plastic have prompted the 
search for sustainable biodegradable polymer-
based solid films. 

Polyvinyl alcohol (PVA) stands out as one of the 
most extensively studied sustainable biopolymer-
based solid films, due to its distinctive electrical, 
optical, mechanical, and safety properties, as well 
as its wide applicability. Indeed, PVA is commonly 
employed as a solid polymer electrolyte in 
fuel cells, high-energy rechargeable batteries, 
supercapacitors, and other industrial applications 
[7–12]. It is recognized for its superior electrical 
insulation, high charge storage capacity [7], 
exceptional tensile strength, and excellent film-
forming ability, which provides high elasticity 
and quality, making it indispensable for coating 
applications that enhance product longevity [8]. 
Additionally, PVA is biocompatible, transparent, 
biodegradable, and easy to process, allowing for 
the casting of materials with controlled thickness. 
Its polar hydroxyl (–OH) groups facilitate 
dissolution in water and various organic solvents, 
making it a versatile biomaterial for medical 
and pharmaceutical applications [13–16]. These 
hydroxyl groups also enable hydrogen bonding, 
allowing PVA to readily incorporate and dissolve 
added ions (polymer blending) by forming weak 
electrostatic interactions with dissociated cations 
and anions. Ultimately, the number of free ions 
increases with increasing ion concentration, 
thereby enhancing ionic conductivity at both 
room and operational temperatures, a desirable 
feature for several applications [17,18]. Therefore, 
blending or doping PVA with various elements 
provides an effective strategy for tailoring 
its properties, thereby achieving enhanced 
functionality for specific applications. In this 
framework, potassium chloride (KCl) nanoparticles 
were selected as dopant in this work to boost 
functionality of PVA based solid film. Indeed, KCl has 
widespread industrial and scientific applications. 
It is commonly used in food processing, fertilizers, 
and pharmaceuticals [19], as well as in water 
treatment, natural gas, and petroleum extraction 
as a completion fluid. In optics, KCl serves as a 
material for infrared spectroscopy and high-power 
CO2 laser systems due to its excellent optical 
transparency. In the field of large-scale energy 
storage batteries, potassium ions (K+) are emerging 
as a viable alternative to lithium due to their 
natural abundance, lower cost, and comparable 
electrochemical performance [20]. Additionally, 

the mechanical softness of KCl salt facilitates 
effective and stable contact with other battery 
components. Moreover, potassium chloride 
exhibits significant hygroscopic properties, 
allowing it to absorb and retain moisture from the 
environment. The combination of its hygroscopic 
nature and its ability to interact with organic 
compounds is also relevant in the context of 
biomass burning aerosol particles [21,22].

This work aims to combine the high ability of 
KCl salt to enhance ionic conductivity with its 
strong hygroscopic nature to develop PVA-based 
solid films blended with various weight fractions 
of KCl nanoparticles. The objective is to improve 
their ionic conductivity for use in numerous 
technological and industrial applications. 
Furthermore, the temperature dependence of this 
conductivity was examined in the range of 20 − 
150°C, since the operating temperatures of many 
practical devices exceed room temperature. To the 
best of our knowledge, only two previous studies 
have investigated the ionic conductivity of PVA/KCl 
solid films. The first study, conducted solely at room 
temperature using three KCl concentrations (5, 10 
and 50%), showed that adding 5% salt enhances 
ionic conductivity by one order of magnitude at 
a frequency of 106 Hz, whereas a further increase 
in salt concentration reduces it [23]. The second 
study investigated lower KCl concentrations (5, 
10, and 15%) across a temperature range of 
30 – 100°C [24]. Those authors reported that 
ionic conductivity increases with both dopant 
concentration and temperature, for instance, 
adding 15% KCl enhanced ionic conductivity by 
approximately one order of magnitude across 
the entire temperature range. Consequently, 
the combined effects of KCl nanoparticles 
concentration and temperature on the ionic 
conductivity of PVA/KCl solid polymer films require 
further systematic investigation and clarification. 
This work addresses these shortcomings by 
systematically examining the impact of six KCl 
weight fractions ranging between 3.6 and 42.7% 
on the thermal, vibrational, morphological, 
and electrical properties across a temperature 
range of 20 – 150°C of biodegradable PVA based 
solid films. Thereby, we open new avenues for a 
comprehensive exploration into ionic conduction 
mechanisms and demonstrate a marked 
improvement in DC conductivity of five orders of 
magnitude. Additionally, we establish an original, 
detailed interdisciplinary relationship among 
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these attributes, highlighting how ionic doping 
concentration, hygroscopicity, ionic dissociation, 
crystallinity, and water retention influence film 
conductivity. Ultimately, this study reveals novel 
insights into conduction processes, defining the 
optimal composition and temperature ranges for 
practical applications in flexible electronics and 
energy storage systems.

MATERIALS AND METHODS
Sample preparation

The solution casting method was used to 

elaborate pure PVA and PVA/KCl films. The 
nanometric PVA powder, with a molecular weight 
ranging from 146 000 to 186 000 g/mol and a 
hydrolysis degree of 88 %, was purchased from 
Sigma−Aldrich Company. Aqueous potassium 
chloride (KCl)aq solution 7.46 % (0.0746 g/ml of KCl 
crystal) was acquired from UNIMED Laboratory.

Homogeneous PVA solutions were prepared 
by gradually dissolving 0.5 g of nanometric PVA 
powder in 25 ml of deionized water. To ensure 
complete dissolution, the solution was magnetically 
stirred at 70°C for 30 minutes. Indeed, the strong 

 

 

  

Fig. 1. Schematic representation of the synthesis protocol of PVA/KCl films. A specific volume of the KCl nanoparticle solution was 
added to the aqueous PVA solution. The mixture was stirred magnetically at 70°C for an additional three hours, cast onto a Teflon 

petri dish and allowed to dry for three days.

Film designations PVA (weight, g) KCl (mmol) KCl fraction weight (%) 

Pure PVA  0.5 0 0 

PK0.25 0.5 0.25 3.6 

PK0.5 0.5 0.5 6.9 

PK0.75 0.5 0.75 10.1 

PK1 0.5 1 13.0 

PK3 0.5 3 30.9 

PK5 0.5 5 42.7 

 
  

Table 1. Designations, compositions, and KCl nanoparticles fraction weight of pure PVA and PVA/KCl films.



78

A. Almzainy et al. / Ionic Conductivity of PVA/KCl Polymer Films 

J Nanostruct 17(1): 75-94, Winter 2027

intra− and intermolecular hydrogen bonds in PVA 
require high aqueous dissolution temperature 
[25]. At the same time, the aqueous potassium 
chloride nanoparticles solution was stirred using 
ultrasonic bath. Next, a specific volume of the KCl 
solution was measured using a graduated pipette 
and added to the PVA solution. The mixture was 
stirred magnetically at 70°C for an additional 
three hours. The low−viscosity and uniform PVA/
KCl nanoparticle aqueous solutions were then 
cast onto a Teflon petri dish and allowed to dry 
at ambient temperature (approximately 20°C) for 
three days. Finally, uniform films approximately 
0.2 mm thick were ready for characterization. 
Obviously, a pure PVA film was achieved by directly 
drying their aqueous solution. A schematic view of 
the synthesis protocol of PVA/KCl films is illustrated 
in Fig. 1. The film’s designation, constitution, and 
KCl fraction weight are detailed in Table 1.

Sample characterization techniques
Differential Scanning Calorimetry (DSC)

This sophisticated technique provides a 
comprehensive assessment of thermal material 
properties by measuring the heat flow exchanged 
during a controlled heating or cooling program. 
The tested sample (a part of the elaborated film) 
was first weighed and then sealed in an aluminum 
pan. It was finally placed in a platinum measuring 
cell located inside the furnace chamber. The 
analysis was performed in an adiabatic enclosure 
to avoid any unwanted heat exchange with the 
surroundings. The control of the experimental 
run and the data analysis were achieved using the 
“Pyris” software program installed on a computer 
connected to the DSC system. Measurements 
were performed under a nitrogen atmosphere 
using a Perkin-Elmer DSC 4000. Over the entire 
temperature range, the temperature precision 
was better than  0.1°C. 

Fourier Transform Infrared spectroscopy (FT−IR)
This non−destructive technique allows the 

measurement of the absorption or transmittance 
of Infrared light by a sample. To this end, a portion 
of each film was sandwiched between two discs 
of sodium chloride or potassium chloride. It was 
scanned in the mid-infrared light (wavenumber 
range of 4000 – 500 cm-1) with a resolution of 
0.5 cm-1 using a Perkin Elmer 1000 Spectrometer 
operating in transmittance mode. The analysis 
was performed under ambient temperature 

and atmosphere. The experimental data were 
recorded on a computer, and a Fourier Transform 
was applied using the FT−IR software program to 
obtain the corresponding spectra. 

Scanning Electron Microscopy (SEM)
The surface morphology of the films was 

characterized using a TS Quanta 250 SEM under a 
high−vacuum environment at room temperature, 
with a 20 kV beam accelerating voltage and an 800 
k magnification scale. The prepared films were 
fixed to an aluminum stub using adhesive tape and 
then vacuum − dried for 10 minutes in the SEM 
chamber. Surface images were performed using 
the Back Scattered Electron Detector (BSED). 

Energy Dispersive X−ray mapping (EDX mapping)
This technique was achieved in combination with 

scanning electron microscopy. In this fundamental 
analysis, the surface sample was bombarded 
with high−energy electrons, which generated the 
ejection of electrons from the inner K shells of 
surface atoms. When outer shell electrons (such 
as those in the L or M shells) drop down to fill 
these vacancies, the resulting energy differences 
are emitted as characteristic X−ray photons. A 
detector collects these X−rays and, through their 
energy spectra, allows for the identification of the 
existing elements. Furthermore, by scanning the 
surface with electrons, color−coded maps were 
created that highlight the location and distribution 
of each element. The EDX mapping images reveal 
imperceptible details in standard SEM images, 
such as structural information, phase distribution, 
and surface contamination.

AC Impedance spectroscopy
This non−destructive technique allows the 

measurement of the real part Z’ and imaginary 
part Zʺ of the sample impedance Z* at different 
temperatures and frequencies. For this end, 
samples were cut from elaborated films into 
small discs of 10 mm in diameter and sandwiched 
between two platinum electrodes (20 mm in 
diameter) under spring pressure to ensure good 
contact. Measurements were performed from 20 
to 150 °C and in a frequency interval from 10-1 to 
106 Hz, using a Broadband Dielectric Spectrometer 
(BDS) Novocontrol Alpha Analyzer coupled with 
a Novocontrol Quatro system temperature 
controller. The temperature was measured with 
accuracy greater than 0.2°C. The measuring 
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cell with each sample was sealed in a dry box 
and kept under a strictly argon atmosphere 
during the measuring period. Conductivity data 
were determined from complex impedance 
measurements using the “Win Data” software 
program installed on a computer connected to the 
BDS, which controls the experimental procedure 
and collects the data.

RESULTS AND DISCUSSION
Thermal properties

The thermal properties of elaborated pure PVA 
and PVA/KCl films were assessed by DSC analysis. 

Two heating scans were performed. In the first 
scan, the sample was heated from -20°C to 150°C 
at a rate of 5°C/min, followed by a cooling back 
to -20 °C at the same rate. The second scan, from 
-20°C to 250°C, was achieved at the same heating 
rate. The thermograms recorded during both 
heating scans are presented with the same delay 
in Fig. 2. 

The characteristic temperatures (glass 
transition temperatures at the first Tg1 and the 
second Tg2 scans, temperature of α−relaxation Tαc, 
temperature of melting of the crystalline phase 
Tm), and the fusion enthalpy ΔH, evaluated using 

 
  Fig. 2. DSC heating thermograms of pure PVA and PVA/KCl films during the first (a) and second (b) 

heating scans. The thermograms are presented in order of increasing KCl nanoparticles content from 
bottom to top (the bottom thermogram corresponds to pure PVA). Dotted lines indicate the positions 

of characteristic temperatures.
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the “Pyris” software program, were regrouped in 
Table 2. The first heating scan (Fig. 2a) displays 
two thermal phenomena. The first corresponds 
to a second−order transition attributed to the 
glass transition, while the second is a first−order 
transition associated with water evaporation. 

The glass transitions
The glass transition temperatures Tg were 

determined using the midpoint inflexion method. 
In pure PVA, Tg depends on its molecular weight, 
degree of hydrolysis, and humidity content [26]. 
For the first heating scan, Tg1 ranged from 32.25 to 
39.16°C for pure PVA and PVA/KCl films containing 
less than 13 % KCl, and was approximately 17°C 
for the others. These values are lower than 
those measured after water evaporation during 
the second heating scan, Tg2 (Table 2). This shift 
displays the plasticized effect of water. Indeed, 
water molecules enhance the free volume in the 
amorphous region, promoting the mobility of PVA 
chains. Furthermore, the decrease in Tg1 when 
the KCl content exceeds 10.1 % (Table 2) indicates 
an enhanced water plasticization effect, likely 
associated with the increase of the amorphous 
fraction.

Water evaporation
The water evaporation process occurs only at 

the first heating scan, as its characteristic peak 
is absent in the thermogram of the second scan. 
The broad peak associated with water evaporation 
explains that the water molecules undergoing 
evaporation have a wide distribution of energy 
states. The thermal evaporation begins with 
molecules occupying the lowest energy states and 
then progressively includes more strongly bound 
molecules as the temperature rises. 

As shown in the thermograms of Fig. 2a, 
the addition of increasing amounts of KCl 
nanoparticles to PVA induces peak broadening. 

The broadening towards higher temperatures 
proves the involvement of additional deeper 
water states. These additional energetic states 
are absent in pure PVA; otherwise, they would 
have undergone evaporation during heating 
until 150°C. Consequently, the addition of KCl 
nanoparticles weakens some water bonds, 
producing an additional energetically deeper 
state. Another possible effect of this addition is a 
rearrangement of initial water states, and even the 
creation of new ones, resulting in the broadening 
of the water evaporation peaks. Similarly, one 
can note a variation in the sharpness of water 
evaporation peaks depending on the KCl content. 
When the KCl content increases but remains 
below 13 %, the peak maximum shifts to higher 
maximum temperatures. This variation indicates 
that a significant proportion of the evaporated 
water originates from increasingly strongly bound 
(deeper) water states, requiring progressively 
higher temperatures to evaporate. Notably, the 
peak maximum temperature increases from 82°C 
(pure PVA) to 92°C (PK0.25) by adding only 3.6 
wt % of KCl. This small addition thus induces a 
perceptible shift toward higher bonding energies 
for an important portion of the water states 
undergoing evaporation. This shift grows more 
slowly with increasing KCl nanoparticles content, 
with peak maxima at 93.5 and 95°C for PK0.5 
and PK0.75, respectively. For the other films, the 
salient effect is the emergence of two bumps on 
the water evaporation peaks, which are more 
discernable for the PK5 film. These bumps likely 
result from the overlap of two water evaporation 
peaks associated with two energetically distinct 
water states. The two peak maxima temperatures 
are located on either side of the maxima observed 
at lower KCl content. More precisely, as revealed 
in the thermogram of PK5 film, these two maxima 
lie between 82°C (pure PVA) and about 105°C, 
with higher intensity. The last peak appears to be 

Samples Tg1(°C) Tg2(°C) Tαc(°C) Tm(°C) ΔH (J/g) χ (%) 
Pure PVA 39.16 71.31 157.75 194.72 65.60 47.33 

PK0.25 37.07 70.63 162.73 193.06 64.39 46.45 
PK0.5 36.12 69.84 163.56 192.23 65.23 47.06 

PK0.75 32.25 69.14 162.73 192.23 62.37 45.00 
PK1 16.58 70.61 162.73 192.64 23.49 16.95 
PK3 16.89 71.31 162.73 192.23 16.43 11.85 
PK5 17.12 71.52 163.56 191.40 12.92 9.32 

 
  

Table 2. Characteristic temperaturesTg1, Tg2, Tαc, Tm, and fusion enthalpy ΔH of pure PVA and PVA/KCl films, estimated using the “Pyris” 
software program. The degree of crystallinity χ (%) was calculated as the ratio of ΔH to that of 100 % crystalline PVA.
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a continuation of the evaporation peaks displayed 
at KCl contents below 13 %, while the lower−
temperature peak approaches that of pure PVA. 
These observations highlight a significant change 
in PVA/KCl films, especially at high KCl nanoparticle 
contents.

It is important to note that water in PVA has 
three energetic states [27]. These states generate 
a continuous energy distribution, as only one 
water evaporation peak arises in the thermogram 
of PVA. Although the addition of KCl to PVA 
is expected to disrupt this configuration, the 
continuous distribution is preserved, as water 
evaporation produces either a single peak or 
the overlap of two peaks (Fig. 2a). A continuous 
energy distribution of states is typically observed 
in disordered materials, such as semicrystalline 
PVA films [28].

It is acknowledged that after drying at room 
temperature and humidity, the water content in 
PVA films is approximately 20 %. Even after drying 
at a higher temperature, PVA quickly returns to 
its hydrated state. Indeed, PVA chains possess 
strongly hydrophilic hydroxyl groups serving as 
the main hydration sites. At low water content, 
one or two water molecules are bonded to each 
hydroxyl group. As the water content increases, 

transition layers form, where the orientations 
of water molecules are guided by those of 
previously bonded water molecules, albeit with 
weaker interactions, followed by bulk water [29]. 
The strength of water bonding to PVA decreases 
similarly. Predictably, the removal of water from 
PVA films undergoes the reverse process, during 
which PVA chains progressively lose their mobility, 
leading to crystallization. Concerning the KCl 
nanoparticles, five water molecules per ion pair 
(K+, Cl-) are needed to dissociate the KCl molecule 
within a water cluster [K+(H2O)5Cl-] [30–32]. This 
first hydrate shell is surrounded by a second 
one containing 16 to 32 water molecules [33]. 
The addition of KCl to PVA in aqueous solution 
breaks some hydrogen bonds between water and 
the hydroxyl groups of PVA, as new interactions 
between water molecules and chlorine anions 
Cl-. This fact translates to the more hygroscopic 
nature of KCl. Then, the evaporation of water 
from the aqueous mixture generates an increasing 
competition between nanoparticle ions and 
PVA hydroxyl groups for water molecules. As 
this process proceeds, the number of hydroxyl 
groups not bonded to water increases, with a 
kinetics faster than that observed in the absence 
of KCl nanoparticles. Simultaneously, since PVA 

 

 

  

  

Fig. 3. Normalised FT-IR spectra of pure PVA and PVA/KCl films. The spectra are displayed with a slight offset; in order of increasing 
KCl nanoparticle content from bottom to top (the first spectrum corresponds to pure PVA). Dotted lines indicate the positions of 

selected peaks.
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chains still possess sufficient mobility to initiate 
crystallization, a film with enhanced crystallinity is 
formed until these chains lose their mobility as the 
remaining water content becomes too low. After 
that, the dehydration of K+ and Cl- ions begins: 
several of them become bonded to the hydroxyl 
groups of PVA, while the others progressively form 
KCl microcrystals. 

α−relaxation and fraction of crystalline region
The thermograms of the second heating scan 

display two additional peaks above 150°C. The first 
one, Tαc, is attributed to α−relaxation occurring 
at the amorphous – crystalline interface [26,34], 
while the latter corresponds to the melting of 
the crystalline phase, Tm. Compared to pure PVA, 
the addition of KCl nanoparticles induces a slight 
increase in Tαc, and a small decrease in Tm (Table 2), 
which are associated with the effect of KCl on the 
film nanostructures. 

The melting peak enables the evaluation of the 
fraction of crystalline regions, χ, in the PVA and 
PVA/KCl films. This fraction (Table 2) is defined as 
the ratio of the fusion enthalpy ΔΗ, representing 
the area of the melting peak divided by the sample 
weight, to the fusion enthalpy of full crystalline 
PVA, ΔΗ0 = 138.6 J/g [35,36]. It can be noted that 
this fraction is almost the same for pure PVA, 
PK0.25, PK0.5, and PK0.75, indicating that the 
KCl nanoparticles content in these films is too 
low to induce a significant variation in χ. A drastic 
decrease in χ is observed for the other films, 
which is probably attributed to the effect of water. 
Indeed, it is recognised that water resides in the 
amorphous regions of the film and deteriorates 
crystallites at the interface between crystalline 
and amorphous regions, causing a reduction in 
the crystalline region [27]. As this decrease in 
crystallinity is more significant with the addition 
of KCl nanoparticles and is associated with the 
emergence of a second water evaporation peak, it 

is likely that the water involved contains increasing 
amounts of KCl nanoparticles and is responsible 
for the decrease in crystallinity. On the other hand, 
it is also possible that complexes formed through 
electrostatic interaction between sodium cations 
K⁺ from KCl and the polar groups of PVA chains 
destroy the crystalline region [37]. 

FT-IR analysis
FT-IR spectra display characteristic 

transmittance peaks corresponding to specific 
vibrational bonds and functional groups [38,39]. To 
identify modifications in chemical functionalities 
associated with the addition of KCl nanoparticles 
to PVA, each FT-IR spectrum was normalized using 
the “Origin Lab” computer program, scaling the 
transmittance intensity values to the 0 − 1 range. 
The normalised FT-IR spectra of PVA and PVA/KCl 
films are shown, with a slight offset, in Fig. 3. While 
the spectra present some changes, their main 
features remain globally the same. This uniformity 
suggests that the absorption is primarily due to 
the PVA matrix, although subtle variations in peak 
shapes indicate the extent of interactions between 
PVA and the KCl nanoparticles. In the spectra of 
PVA/KCl films, the position, intensity, width, and 
shape of all absorption bands may be more or less 
affected by the amount of KCl nanoparticles added 
and its hygroscopic behaviour. 

Band absorption of the hydroxyl group
The absorption band of the hydroxyl group in 

PVA film lies between approximately 3026 and 
3670 cm-1 and is ascribed to the O−H stretching 
vibration. This vibration is attributed to the 
intermolecular and intramolecular hydrogen 
bands between the hydroxyl groups inside the PVA 
chains [40]. The same absorption band appears in 
PVA/KCl films within the same wavenumber range, 
but with a progressive blue shift in shape as the KCl 
nanoparticles content increases. This wavenumber 

Samples Wavenumbers 
of the minima (cm−1) 

Extent of the minima 
shift (cm−1) 

Pure PVA 3270  
PK0.25 3280 10 
PK0.5 3288 18 

PK0.75 3300 30 
PK1 3306 36 
PK3 3314 44 
PK5 3330 60 

 
  

Table 3. Wavenumbers of the minima and the extent of the shift of the hydroxyl absorption bands in pure 
PVA and PVA/KCl films.
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shift toward higher values can be highlighted by 
the shift of the minima of the hydroxyl absorption 
bands, as stated in Table 3.

As this shift suggests changes in hydrogen 
bonding among PVA chains, the higher the KCl 
nanoparticles content, the more the hydrogen 
bond structure is affected, indicating an 
enhancement of KCl−PVA interactions. This finding 
is further supported by the predicted occurrence 
of electrostatic attractions and coordination 
effects between K+, Cl- ions, and the polar groups 
of PVA chains during the elaboration process 
(solution casting method). Indeed, the water 
clusters [K+(H2O)5Cl-], arising from the aqueous 
dissociation of KCl nanoparticles, undergo 
electrostatic interactions with the polar OH and 
CO groups of PVA, which can lead to the formation 
of other clusters and coordination complexes, 
disturbing the hydrogen bond structure. 

In the same context, it is recognised that halide 
ions (Cl- in our case) act as proton acceptors and 
can make hydrogen bonds with hydroxyl groups 
[41]. As a result, the addition of KCl nanoparticles 
to PVA breaks some hydrogen bonds between OH 
groups of PVA chains (OH⋅⋅⋅OH) and forms new 
ones between Cl- and hydroxyl groups (OH⋅⋅⋅Cl). 
The newly formed hydrogen bonds are weaker 
than those among PVA chains. So, the strength of 
O−H bonds in the presence of KCl nanoparticles 
becomes effectively stronger, causing a blue shift 
in the hydroxyl group absorptions in PVA/KCl films. 
About the K⁺ cation, it acts as a proton donor 
and forms electrostatic interactions with water 
molecules via the non-bonding electron pairs of 
oxygen atoms. The subsequent weakening of the 
hydroxyl bonds causes a decrease in their vibration 
frequency. But this effect is dominated by the 
stronger influence of the Cl- anion on the hydroxyl 
vibration frequency [42]. Consequently, the 
absorption bands ascribed to the O−H stretching 
vibration of hydroxyl groups are highly sensitive to 
the hydrogen bond structure. As the absorption 
intensity is proportional to the concentration 
of absorbing sites, the blue shift of the minima 
is associated with a transition of the maximum 
concentrations of absorbing sites toward those 
with higher vibrational frequency.

The other bands
The broad absorption band between 964 and 

1166 cm−1 in the spectrum of pure PVA contains 
a narrow peak at 1145 cm−1 superimposed on 

a broader peak with a minimum around 1086 
cm−1. The first peak is attributed to CO stretching 
in the crystalline region [43], while the second 
corresponds to CO stretching and OH bending in the 
amorphous region of PVA [40,44]. The broadening 
of the latter peak explains the presence of multiple 
types of OH and CO bonds with varying lengths 
and strengths. It can be noted (Fig. 3) that the FT-
IR spectra of PVA/KCl films display the same broad 
band of pure PVA. However, the relevant emergent 
fact is the increase in absorption intensities in the 
1018−1085 cm−1 wavenumber region when the 
KCl nanoparticles content exceeds 10.1 %. Since 
absorptions in this frequency range originate from 
the amorphous region in PVA, it is reasonable to 
expect the same in PVA/KCl films. Consequently, 
the increase in absorption intensities likely reflects 
the increase of the amorphous fraction in the PK1, 
PK3 and PK5 films, as pointed by the decrease 
in the fraction of the crystalline region observed 
in the thermal properties (section 3.1). Other 
significant changes include the enhancement of 
peak intensities at 1720 and 1250 cm⁻¹, observed 
only for films with KCl nanoparticles content 
equal to or greater than 13 %, corresponding to 
C=O stretching and C−O bending, respectively. 
These peaks may be associated with residual 
acetate groups in PVA [44,45]. The increase of 
their intensities can furthermore correlate with 
the increase of the amorphous fraction, as this 
region is primarily affected by the addition of KCl 
nanoparticles [42]. Moreover, the growth of these 
peaks may result from interactions between K+ 
and Cl- ions and the polar CO groups of PVA, which 
are facilitated by the expansion of the amorphous 
region.

It is essential to note that the presence of water 
in all the films is confirmed by the peak at around 
1650 cm−1, attributed to water deformation and 
combination. However, it is recognized that adding 
KCl to PVA promotes water retention via K⁺, Cl⁻ 
ions and water dipole interactions. At low and 
medium KCl nanoparticle concentrations, these 
increases the film’s water content, while at high 
concentrations, a salting−out effect can limit or 
reduce this retention. Then, water concentration 
increases with KCl content. For KCl below 13 %, 
this explains the enhanced plasticizing effect of 
water, responsible for the decrease in Tg1 (Table 
2). For higher KCl nanoparticles content, water 
retention reduces the amount of free water, 
decreasing crystallinity. The salting-out effect may 
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also account for the higher water evaporation 
peaks observed in the first heating scan (Fig. 2a).

Furthermore, the absence of additional peaks 
associated with KCl salt in the spectra of all PVA/
KCl films is predictable, as this salt is commonly 
used due to its high optical transmittance [46,47]. 
Indeed, the ionic nature of KCl restricts its 
absorption spectrum to low wavenumber [48,49]. 
Consequently, any possible agglomeration or 
reassociation of K+, Cl- ions in PVA/KCl films is not 
detected by FT-IR analysis.

The vibrational analysis of PVA/KCl films 
clearly indicates that the polar groups on the PVA 

backbone facilitate the dissolution process of 
the KCl nanoparticles. Indeed, weak electrostatic 
interactions are generated between the polar 
groups and the dissociated cations and anions, 
which typically occur in the amorphous regions. 
As a result, the salt ions are successfully dissolved 
within the PVA chains, inducing a modification of 
the chemical functionalities. 

Surface morphology
Film surface imaging using SEM

Scanning electron microscopy is a powerful 
tool for imaging sample surfaces using a focused 

 

 

  

Fig. 4. SEM micrographs of the surfaces of the as-elaborated pure PVA and PVA/KCl films.
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electron beam. This technique enables the 
assessment of the degree of compatibility, 
dispersion, and interaction between the sample 
components, which govern material properties 
(thermal conductivity, mechanical properties, 
optical properties,). The SEM micrographs 
recorded at room temperature for the surfaces of 
the as−elaborated pure PVA and PVA/KCl films are 
presented in Fig. 4. 

Pure PVA film clearly exhibits a uniform surface 
morphology, indicating a homogeneous structure, 
a dense material, and a smooth surface. It can be 
observed that the addition of KCl nanoparticles 
to PVA results in a brighter background in the 
SEM micrographs compared to that of pure PVA. 
This brightness originates from the K+ and Cl- 
ions bonded to the hydroxyl groups of PVA and 
subsequently dissolved within the host matrix 
(section 3.2). The most striking effect is the 
appearance of brighter micrometric entities in 
the micrographs, even at low KCl contents (3.6 %). 
These entities rapidly grow with the addition of KCl, 
undergo agglomeration, and progressively cover a 
larger portion of the film surfaces. They appear 
as solid protrusions emerging from the surface. A 
closer examination of these agglomerated entities 
(PK0.5) shows an inhomogeneous brightness 

distribution. The brighter regions most likely 
correspond to microcrystalline aggregates of KCl 
nanoparticles formed at the film surface. The 
incapability of KCl salt to fully dissolve in the PVA 
matrix induces the pairing of the K+ and Cl- ions 
and their subsequent recrystallisation at the 
surface. At very low KCl nanoparticles content 
(3.6 %), microcrystals may originate from ion 
pairing within the aqueous mixture and migrate 
toward the surface during film drying. Indeed, 
in an aqueous KCl solution, 10 to 20 % of the 
ions undergo pairing [50]. The less bright areas 
may correspond to regions containing elements 
associated with the KCl salt. As the surface of KCl 
is known to be sensitive to humidity [22,51], the 
formed microcrystals may absorb water vapor 
from the surrounding atmosphere. Furthermore, 
as pointed out in Section 3.1, the evaporation 
of water from the aqueous mixture generates 
increasing competition for water molecules 
between salt ions and the hydroxyl groups of 
PVA. As a result, during drying at room conditions, 
undissolved K+ and Cl- ions in the PVA chains 
tend to bond with water molecules, due to their 
strong hygroscopic behaviour, and subsequently 
diffuse toward the film surface. The hydrated KCl 
salt then agglomerates, progressively swelling 

 

 

  

Fig. 5. EDX mapping images of carbon, oxygen, chlorine, and potassium elements on the PK0.75 surface. The first image, shown in 
grayscale, represents the SEM micrograph of the analysed surface. 
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the film surface (PK1, PK3). At higher KCl contents 
(42.7 %), the SEM micrograph reveals a notable 
morphological transition. Indeed, the surface gets 
rougher and more porous, indicating the initiation 
of structural growing of hydrated KCl.

Energy Dispersive X−ray (EDX) mapping
It is well established that EDX mapping reveals 

details in SEM micrographs that are otherwise 
imperceptible, such as the spatial distribution 
and relative abundance of each element present 
on the film surface. For these purposes, and to 
further characterize the morphological transition 
indicated by the SEM micrographs, Fig. 5 displays 
the mapping images of carbon, oxygen, chlorine, 
and potassium elements at the surface of the 
PK0.75 film. The X−ray signal originates from 
the atom’s inner K−shell transition, indicated in 
the mapped image by the letter “K” to the right 
of the element symbol. In addition, the element 
concentration at each point on the surface is 
represented by the highlighted bright dots.

It can be seen that carbon is more abundant than 
oxygen. Referring to their scaled concentrations, 
the ratio of their maximum concentration is 
4/3. If these elements originated only from PVA 
chains, this ratio would be 2, as each monomer 
contains two carbon atoms and one oxygen 
atom. Nevertheless, oxygen also originates from 
water molecules bonded to PVA and from KCl 
nanoparticles. Then, the 4/3 ratio suggests that 
the maximum amount of oxygen from water 
is equal to that coming from PVA chains. As a 
result, this assessment of relative abundance 
provides a basis for the quantitative analysis of 
surface elements. Further examination of the EDX 
mapping image of carbon shows that this element 
is absent in regions of particle agglomeration. 
However, the higher concentrations are associated 
with the PVA matrix. Regarding the chlorine and 
potassium elements, they occupy the same spatial 
position, indicating their mutual attendance. Their 
spatial distribution displays two configurations: 
the first shows higher concentrations at the 
positions of microcrystal aggregates, while the 
second shows lower concentrations in the PVA 
matrix of the film surface, originating from K+ 
and Cl- ions dissolved within the PVA chains. 
Consequently, the EDX mapping images support 
the above attribution of microcrystals appearing 
on the surface to recrystallized KCl salt observed 
in the SEM micrographs. Furthermore, referring to 

the scaled concentrations, a higher abundance of 
chlorine is noted at the surface, which might result 
from partial hidden of K+ ions by water molecules, 
as this cation is more hydrophilic than Cl- [50,51]. 
The examination of SEM micrographs and EDX 
mapping images clearly proves an intriguing 
behavior of KCl nanoparticles in PVA/KCl films. 
Indeed, even with the good dissociation ability of 
the host PVA, undissolved K+ and Cl- ions attract 
water molecules and diffuse to the surface during 
film drying. Evidently, this phenomenon increases 
with the addition of KCl nanoparticles and, 
beyond a certain threshold, can break the growth 
of film crystallinity. The diffusion of hydrated KCl 
toward the surface limits the remaining amount 
of water beneath the surface. Consequently, the 
mobility of the PVA chains is reduced, which halts 
crystallization rapidly. This explanation aligns with 
the observed decrease in the crystallinity fraction 
for films containing more than 10.1 % KCl.

Conductivity analysis
In this section, pure PVA and PVA/KCl films 

were characterized by impedance spectroscopy to 
highlight the correlation between their structure 
and conductivity mechanism. Indeed, impedance 
spectroscopy is a well−recognized method for 
characterizing ion conduction in polymers and 
their frequency and temperature−dependent 
behaviour.

General consideration
The complex alternating current (AC) 

conductivity σ*AC was determined from the 
complex impedance Z* (ω)=Z’ (ω)+j Z’’ (ω) using the 
relation:

σAC∗ (ω) =  d
A Z∗ = d

A [  Z′
 (Z′)2 + (Z′′)2 − j  Z′′

(Z′)2 + (Z′′)2] 

= σAC′ (ω) − j σAC′′ (ω) 

 

 

  

  

   

(1)

where ω denotes the angular frequency (ω=2 
π F), j is the imaginary unit (j2= -1), and d and A 
represent the thickness and the surface area 
of the film, respectively. The real part of the AC 
conductivity σ›AC corresponds to the dissipative 
or resistive response of the material and hence 
its energy loss. While the imaginary part σ››AC 
reflects its reactive or inductive response and 
thus its energy storage. Optimizing material 
performance across all electrical domains requires 
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precise knowledge of its dissipative conductivity. 
Consequently, this important parameter will 
be considered in the conductivity analysis of 
the prepared films. The curves showing the 
variations of the real part of AC conductivity σ›AC 
versus frequency for pure PVA and PVA/KCl films 
at ambient temperature (Ta) are presented in 
Fig. 6. This variation can be classified into three 
frequency domains. In the intermediate region, 
the conductivity exhibits frequency−independent 
behaviour with an almost constant value, 
representing the direct current (DC) conductivity, 
σDC. At high frequency, the conductivity increases 
with frequency following a power−law behavior. 
At low frequency, an additional frequency−
dependent conductivity region appears before the 
plateau, displaying a drop−in conductivity. This 
phenomenon, known as electrode polarization 
(EP), is an experimental artefact attributed to the 
blocking of charge carriers at the interface between 
the electrode and the film surface [52,53]. The 
Jonscher’s universal relation can express the main 
conductivity variations:

σAC′ (ω, T) = σDC(T) + A(T) ωs(ω,T) 

  

                                  (2)

where T is the absolute temperature, A 

is a temperature-dependent proportionality 
coefficient, and s is the exponent of the power law, 
ranging between 0 and 1.

It is recognized that the DC conductivity 
σDC depends on the movement of free charge 
carriers through the polymer and is frequency−
independent. However, the AC conductivity is 
associated with localized charge carriers, which 
can undergo delocalization at high frequencies. As 
a result, σDC can be determined from the plateau 
region of the σ›AC versus frequency curve [54]. For 
this reason, Jonscher’s universal law is used to fit 
the conductivity measurements data, as illustrated 
by the solid lines in Figs. 6 and 7, to determine the 
values of σDC and the power−law exponent s.

Conductivity variation with KCl nanoparticles 
content at room temperature

The general trend shown by the curves in 
Fig. 6 is the enhancement of the real part of the 
AC conductivity with KCl nanoparticles content 
for films containing less than 13 %. Above this 
content, σ›AC decreases, and for the PK5 film, it 
becomes even lower than that of pure PVA. The 
pure PVA film exhibits an almost frequency−
dependent conductivity. The assessed value of 
σDC is approximately 1.8×10-12 S/cm, indicating 

 

  Fig. 6. Variations of the real part of AC conductivity σ›AC versus frequency for pure PVA and PVA/KCl films at Ta ≈ 20 °C. The 
solid lines represent the best-fitted curves according to Jonscher’s relation. 
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a lack of free charge carriers and making it a 
suitable insulating polymer for charge storage and 
insulation in electronic applications. The low DC 
conductivity of PVA is attributed to its molecular 
structure, consisting of long chains of carbon atoms 

covalently bonded to hydrogen and oxygen atoms. 
Its polar hydroxyl groups form strong hydrogen 
bonds with each other, with neighbouring chains, 
and even with absorbed water molecules, resulting 
in a rigid and firmly bound polymer. Furthermore, 

 

  

  

  
 

  

Fig. 7. Variations of σ›AC with frequency for pure PVA and PVA/KCl films at the corresponding temperatures. The solid lines represent 
the best-fitted curves to Jonscher’s relation.
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even if PVA contains ionic impurities originating 
from its manufacturing process, these impurities 
are fixed within the polymer chains. In addition, 
the restriction flexibility and segmental motion of 
PVA chains are also attributed to their glassy state 
nature, as Ta is lower than Tg1≈ 39°C. An intriguing 
behaviour is observed for the PK0.75 film. Indeed, 
its higher DC conductivity, approximately 2.5× 
10-7 S/cm, is more than five orders of magnitude 
greater than that of pure PVA and remains 
almost frequency-independent up to 104 Hz. 
This conductivity enhancement is far greater 
than the stated only one order of magnitude 
[22,23]. As a result, the elaborated film with 
10.1 % KCl, prepared using the casting method, 
exhibits higher DC conductivity that is frequency−
independent over a wide range of frequencies 
at ambient temperature. Consequently, this film 
represents a promising candidate for several 
specific applications. 

The above variation of DC conductivity with 
KCl nanoparticles content aligns with the results 
of FT-IR analysis and surface morphology, both 
performed at room temperature, Ta. A common 
observation is the clear difference on either side 
of 13 % KCl. At low KCl nanoparticle contents, 
the enhancement in σDC with KCl concentration 
is associated with an increase in the density and 
mobility of free charge carriers, correlated with 
the greater amount of nanoparticles added during 
film elaboration. As noted above, the addition 
of KCl salt to PVA breaks some hydrogen bonds 
among the OH groups of PVA chains (OH⋅⋅⋅OH) 
and forms new ones (OH⋅⋅⋅Cl) with Cl- (proton 
acceptors) inducing the release of water, while 
K+ binds with water molecules (proton donors). 
Consequently, the predictable increase in these 
interactions with KCl content raises the density 
of charge carriers K+, Cl-, H+ and OH- arising from 
KCl salt and released water molecules. It provides 
an additional pathway through PVA chains, 
bolstering ionic conductivity within the films. 
This enhancement of DC conductivity reaches its 

maximum at 10.1 % KCl nanoparticles. 
For KCl content higher than 10.1 %, the decrease 

in conductivity is unexpected, as the fraction of 
amorphous phases increases with KCl content 
(Table 2 and Ta> Tg1≈ 17°C). Indeed, it is reasonable 
to assume that a large amorphous phase provides 
continuous pathways for ion movement, thereby 
enhancing conductivity. The observed decrease 
in conductivity could be attributed to the pairing 
of K+ and Cl- ions and their extensive clustering at 
high KCl nanoparticle concentrations, resulting in 
the formation of neutral species that reduce the 
density and mobility of free ions. FT-IR results 
have revealed the emergence of additional 
absorption peaks in the spectra, attributed to 
the possible growth of interactions between K+ 
and Cl- ions and the polar CO groups of the PVA 
chains. However, it would normally be expected 
to enhance ionic conductivity, as is the case with 
the hydroxyl groups of PVA. SEM micrographs 
reveal the formation of KCl microcrystals and 
the structural growth of hydrated KCl at the film 
surface, limiting the remaining amount of released 
water beneath the surface. This can explain the 
decrease on conductivity of PVA/KCl films with the 
addition of KCl nanoparticles. Furthermore, this 
morphological modification of the film surface 
likely behaves as an insulating layer, reducing the 
film’s conductivity. Indeed, solid KCl is recognized 
as an insulating material due to its strong ionic 
bond, and the water molecules in hydrated KCl 
are incorporated into the crystal structure while 
preserving these ionic bonds.

Thermal activation of conductivity
Impedance measurements of the films were 

performed in the temperature range of 20 - 150°C 
and over a frequency range between 10-1 and 106 
Hz. The real part of AC conductivity was calculated 
using Eq. (1). The curves showing the variations 
of σ›AC with frequency for all films at relevant 
temperatures are presented in Fig. 7.

As expected, thermally activated conductivity 

T(°C) 20 40 60 80 100 120 150 
PVA 1.8 × 10−12 3.8 × 10−10 2.2 × 10−8 2.5 × 10−7 1.1 × 10−6 2.1 × 10−6 2.4 × 10−6 

PK0.25 2.3 × 10−10 1.6 × 10−8 2.6 × 10−7 1.5 × 10−6 2 × 10−6 2.9 × 10−6 5.2 × 10−6 
PK0.5 4.9 × 10−11 9.3 × 10−9 2.5 × 10−7 2.6 × 10−6 1.2 × 10−5 1.3 × 10−5 1.3 × 10−5 

PK0.75 2.5 × 10−7 1.5 × 10−6 4.3 × 10−6 1.8 × 10−5 6.5 × 10−6 3 × 10−6 1.8 × 10−6 
PK1 2.8 × 10−12 1.6 × 10−9 1 × 10−7 9.5 × 10−7 2.8 × 10−6 4.5 × 10−6 7.2 × 10−6 
PK3 2.4 × 10−12 3 × 10−10 2 × 10−8 8.5 × 10−8 6.5 × 10−8 7.7 × 10−8 5.8 × 10−7 
PK5 7.5 × 10−13 6 × 10−11 3.4 × 10−10 3.2 × 10−9 7.4 × 10−9 3.5 × 10−8 4.2 × 10−7 

 
  

Table 4. DC conductivity values (in S/cm) at different temperatures for pure PVA and PVA/KCl films.
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is observed. The main changes associated with 
increasing temperature are the expansion of 
the plateau region and its shift toward high 
frequencies. Consequently, the frequency 
dependent conductivity region shrinks, while the 
experimental artefact region expands. It is evident 
that as the temperature increases, an increasing 
number of localized charges undergo thermal 
delocalization, even at low frequencies. These 
delocalised charges become free carriers, thereby 
enhancing σDC instead of remaining confined to 
high−frequency delocalisation. 

The values of σDC at different temperatures for 
pure PVA and PVA/KCl films are summarized in 
Table 4.

It can be noted that for pure PVA, the rate of 
increase in DC conductivity is greater between 
20 and 60°C, but gradually decreases as the 
temperature rises further. This observation 
highlights a significant change in the conductive 
properties of PVA. Indeed, the temperature 
range between 20 and 60°C lays around the glass 
transition temperature Tg1≈39°C and highlights the 
transition from glassy to the rubbery states, which 
begins just above T_g1 and extends over a limited 
temperature interval. In the amorphous state, the 
flexibility and segmental motion of PVA chains 

are exclusively promoted, leading to the release 
of ionic impurities that enhance DC conductivity. 
These phenomena clearly persist above 60°C, 
where the increasing thermal agitation induces a 
higher degree of disorder in the PVA matrix, thereby 
limiting the rate of conductivity enhancement. 
It is also important to note that this variation in 
DC conductivity occurs concomitantly with water 
evaporation above room temperature (Fig. 2a), 
which likely contributes to the improvement of 
PVA conductivity. Indeed, water molecules are 
initially bonded to the hydroxyl groups of PVA 
chains at room temperature and undergo thermal 
bond breaking before they can evaporate. The 
released molecules increase the flexibility and 
segmental motion of the PVA chains by enlarging 
the free volume, and they may also dissociate into 
H+ and OH- ions, thus enhancing conductivity. As 
the temperature continues to rise, a competition 
emerges between the release of water molecules 
and their evaporation, which could explain the 
deceleration in the growth rate of conductivity. 
Indeed, above 60°C, the accelerated evaporation 
of water likely restricts the segmental mobility of 
PVA chains, thereby slowing down the increase in 
conductivity. 

The effect of increasing temperature on the 

 
Fig. 8. Logarithmic variation of DC conductivity with 1000/T for the pure PVA and PVA/KCl films. The solid lines represent the 

best-fitted curves according to the Arrhenius model.
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conductivity of PVA/KCl films is globally similar to 
that of pure PVA, regardless of the KCl nanoparticles 
content (Fig. 7 and Table 4). Furthermore, the 
trend of DC conductivity variation with KCl content 
observed at room temperature is maintained up 
to 80°C. In particular, films containing less than 
13 % KCl display the highest conductivity. The σDC 
values of the PK0.75 film are the highest, reaching 
approximately 1.8×10-5 S/cm at 80°C. However, 
their rate of DC conductivity increase indicates 
greater thermal stability, which is crucial for 
certain technological applications. Above 80°C, 
the most notable effect is a slight decrease of 
σDC for the PK0.75 film, whereas the σDC of PK0.5 
continues to increase, reaching a maximum of 
approximately 1.3×10-5 S/cm at 110°C, which is 
maintained up to 150°C. For films containing more 
than 10.1 % KCl, their σ_DC at room temperature 
is close to that of pure PVA. As the temperature 
increases, σDC grows, reaching values comparable 
to those of PK0.75 at 20°C and pure PVA at 150°C. 
Consequently, blinding PVA with more than 10.1 
% KCl nanoparticles does not significantly enhance 
the film conductivity.

It is well established that the growth of DC 
conductivity with temperature is due to the rise 
in the number of free mobile carriers and their 
mobility. As pointed out above, the temperature 
increase is associated with enhanced flexibility 
and segmental motion of the PVA chains. 
Consequently, the fraction of free volume 
increases, facilitating the transient motion of K+ 
and Cl- ions and providing additional pathways 
for ion transport. Furthermore, the temperature 
rise promotes the dissociation of weaker bonds 

created by the addition of KCl nanoparticles, such 
as those between hydroxyl groups and Cl- (proton 
acceptors) and between K+ and water molecules 
(proton donors). These effects are also promoted 
by water release and evaporation. As a result, 
the density of free ions increases, and additional 
coordinated sites are generated, promoting the 
mobility of charge carriers within the films. 

As pointed out above, PK0.5 and PK0.75 
films exhibit different thermal variations in their 
conductivities at temperatures greater than or 
equal to 80°C. The slight decrease in DC conductivity 
of PK0.75 before reaching its maximum at 80°C 
indicates a reduction in the number of free ions 
or a decrease in their mobility. The PK0.5 film, on 
the other hand, reaches a thermally independent 
DC conductivity state at T ≥ 110°C, with a value 
close to its maximum. It is expected that the 
PK0.75 film contains more free ions than the 
PK0.5 due to the higher amount of added KCl 
nanoparticles. This explains the higher σDC values 
of PK0.75 up to 80°C, which are about one order 
of magnitude greater than those of PK0.5 at the 
same temperature. However, the decrease of σDC 
for PK0.75 by one order of magnitude between 80 
and 150°C may indicate some pairing or clustering 
of K+ and Cl- ions at high nanoparticles content, or 
a slight reduction in free ions mobility, which is 
sensitive to material disorder, especially at higher 
temperatures. These blocking effects are expected 
to be less pronounced in PK0.5. As a result, the 
PK0.75 film is a suitable candidate for applications 
requiring temperatures below 100°C, whereas 
PK0.5 is more relevant for higher temperatures.

For films containing more than 10.1 % KCl 

Films σ0 (S/cm) Ea (eV) 

Pure PVA 4.6 × 1019 1.83 

PK0.25 6.4 × 1015 1.33 

PK0.5 1.6 × 1018 1.66 

PK0.75 9.3 × 103 0.62 

PK1 1.9 × 1022 1.96 

PK3 6.6 × 1016 1.65 

PK5 1.5 × 108 1.17 

 

Table 5. Activation energy Ea and high-temperature DC conductivity σ0 
values for pure PVA and PVA/KCl films.



92

A. Almzainy et al. / Ionic Conductivity of PVA/KCl Polymer Films 

J Nanostruct 17(1): 75-94, Winter 2027

nanoparticles, thermal activation does not 
significantly enhance their conductivity, as these 
films exhibit σDC values close to those of pure PVA 
at all temperatures. This explains the negligible 
contribution of both microcrystal and hydrated KCl 
to the film’s conductivity. Indeed, the considered 
temperature range is too low to induce KCl 
dissociation in these structures. 

For the purpose of characterising the thermal 
activation of the DC conductivity mechanism, the 
logarithmic variation of this conductivity with 
1000/T was plotted for pure PVA and PVA/KCl 
films, as illustrated in Fig. 8.

The linear variation highlights a thermally 
activated mechanism according to the Arrhenius 
model:

σDC = σ0 exp  (−Ea  KB T⁄ )                                         (3)

where σ0 is a pre-exponential factor representing 
the DC conductivity at high temperature, Ea is the 
activation energy, KB is the Boltzmann constant, 
and 𝑇 is the absolute temperature (K). The 
calculated values of Ea and σ0 are summarized in 
Table 5. It can be observed that a high value of Ea 
is associated with a high σ0. This indicates that a 
mechanism with high activation energy requires 
more thermal energy to proceed. Consequently, 
the main increase in conductivity occurs at higher 
temperature (T≫Ea/KB), if the same mechanism is 
involved, resulting in a high σ0 value.

The pure PVA film exhibits a high activation 
energy of approximately 1.83 eV, which is higher 
than the value of 1.495 eV reported in our previous 
work using a different PVA powder with a lower 
molecular weight (ranging from 85 000 to 124 000 
g/mol) [26]. This shift is consistent with the growth 
of Ea with molecular weight. The high Ea in PVA 
reflects the energy spent to enhance the flexibility 
and segmental motion of PVA chains. The PK0.75 
film, which exhibits the highest conductivity, has 
the lowest activation energy, a desirable property 
for practical applications. This means that charge 
carriers require less energy to become free and 
move within highly conducting films. The decrease 
of Ea with increasing KCl content for PK1, PK3, and 
PK5 can be explained by the expansion of their 
amorphous region. Indeed, in these regions, ion 
motion is facilitated throughout the film network.

It is well known that DC conductivity is 
proportional to the density of free charge carriers 
and their mobility. As both are thermally activated, 

the assessed activation energy Ea reflects their 
combined contribution. The activation energy 
associated with the density of free charge carriers 
corresponds to the energy spent for their release. 
Indeed, ions are bonded to PVA chains or water 
molecules and must be freed as the temperature 
increases. The mobility of charge carriers and their 
thermal activation in disordered materials is a 
complex phenomenon. However, it is reasonable 
to assume that the thermal activation of the 
vibrational motion of the PVA backbone and side 
chains brings the transit sites closer together, 
creating pathways that facilitate ion movement.

CONCLUSION
The thermal, vibrational, surface morphological, 

and conductive properties of pure PVA and PVA 
blended with various weight fractions of KCl 
nanoparticles (ranging from 3.6 % to 42.7 %) 
elaborated via the solution casting method, were 
investigated. DSC analysis revealed higher glass 
transition temperatures after water evaporation 
and a drastic reduction in crystallinity, along with 
overlapping water evaporation peaks, for films 
containing more than 10.1 % KCl. FT-IR spectra 
showed a progressive blue shift of the hydroxyl 
absorption band as the KCl content increased, 
confirming the interaction of K+ and Cl- ions within 
the PVA matrix. For KCl contents above 10.1 %, 
the enhancement of specific absorption band 
intensities was attributed to the increase of the 
amorphous fraction. In the same composition 
range, SEM micrographs and EDX mapping 
revealed the formation of hydrated KCl crystals 
and microcrystals, indicating that the hygroscopic 
nature of KCl enables the undissolved K+ and Cl- 
ions to attract water molecules and diffuse to the 
surface during film drying. Conductivity analysis 
revealed that the AC conductivity strongly depends 
on KCl nanoparticles content, frequency, and 
temperature. The DC conductivity increased with 
KCl content up to 10.1 %, reaching 2.5 × 10⁻⁷ S/
cm at 20 °C, representing an enhancement of 
five orders of magnitude compared to pure PVA. 
Beyond this concentration, further addition of 
KCl did not significantly improve conductivity. 
The film containing 10.1 % KCl is thus suitable 
for applications operating below 100°C, whereas 
the one containing 6.9 % KCl performs better at 
higher temperatures. The thermally activated 
DC conductivity followed the Arrhenius model, 
with activation energies ranging from 0.62 to 
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1.96 eV. Overall, blending PVA with 6.9 – 10.1 
% KCl nanoparticles effectively enhances ionic 
conduction in PVA films, offering low cost, 
biodegradable and promising prospects for flexible 
electronics and energy storage applications.
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