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Abstract

Sodium-ion conducting solid polymer electrolyte (Na-SPE) films based on polyvinyl alcohol (PVA)
with various weight percentages of sodium iodide (Nal) were prepared using the casting technique. The
films’ structural, morphology and electrical conductivity were examined to understand the sensing
mechanism of the as-prepared Na-SPE films. The X-ray diffraction (XRD) and atomic force microscopy
(AFM) data, respectively, showed the amorphous and homogeneous granular structure of Na-SPE films
due to the high dissociation of Nal in the PVA matrix for all concentrations. The changes in the FTIR
vibrational modes of Na-SPEs provide evidence of interactions between cations and functional groups of
the host matrix. The effect of salt content, operating temperature and gas concentration on the performance
of the Na-SPE sensor towards NO, were investigated. In contrast to the pure PVA film, which did not
respond to NO; gas at low concentrations, Na-SPE films exhibit higher sensitivity to NO, gas with faster
response and recovery times. At low NO; gas concentration (50 ppm), a sample containing 20 wt.% of Nal
exhibits the highest sensitivity at the operating temperature of 200 °C. In comparison, at a high NO, gas
concentration (550 ppm), a sample containing 40 wt.% of Nal exhibits a maximum sensitivity at 150 °C.
These findings suggest that Na-SPE films would be suitable for gas sensor applications.
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Introduction

The environmental monitoring of atmospheric gas pollutants in urban areas has received much
attention from researchers due to their adverse impacts on human health and the environment [1,2].
Automobiles, agriculture, industry and household activities produce most of these gas pollutants [3]. One
of the main air quality issues to be concerned about is the reddish-brown gas known as nitrogen dioxide
(NO>). Both natural and human activities, including those associated with power plant activities, car engines
and heating, all contribute to the release of NO, into the atmosphere [4-7]. Exposure to NO; can affect
human health even at the ppb level. Therefore, fast detection and accurate monitoring of this toxic gas have
become essential in our daily life [8]. Conventional solid-state metal oxide semiconductor-based gas
sensors are inexpensive and highly sensitive. However, their performance still suffers from poor selectivity,
lack of long-term stability and high operating temperatures (total power consumption) [9-11]. As a result,
developing next-generation high-performance gas sensors to detect NO, with desirable properties,
including high sensitivity, low detection limit and fast response/recovery times at low operating
temperature, is crucially important for both health protection and environmental [12,13].

Considerable attention has been paid to polymers in a blend or composite form as novel materials for
potential applications in gas sensors, biosensors, capacitors and electronic devices [14,15]. Since their
electrical conductivity can alter when exposed to oxidizing or reducing gas molecules, they have
considerable promise as chemical gas sensors [16]. Due to their great sensitivity and quick response times
at room temperature, organic conducting polymers, such as polyaniline (Pani), polypyrrole (PPy) and their
derivatives, have been extensively used as the active layers of gas sensors. Additionally, polymeric
materials have good mechanical properties, which allow a facile fabrication of sensors [17]. One of the
most promising materials for high-performance gas sensors is organic-inorganic hybrid material because
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of its improved properties like high sensitivity, selectivity, quick response/recovery times, adaptability and
low power consumption [18,19].

Among all synthetic polymers, polyvinyl alcohol (PVA) films, both doped and undoped, have been
the subject of numerous studies due to their wide range of industrial applications and inexpensive cost.
PVA has a particular chemical potential to create electrolytes due to its hydrophilic properties and the large
number of hydroxyl groups connected to the methane carbons on the PVA backbone [20]. Jiang ef al. [21]
examine the sensing characteristics of PPy/PV A blend as gas sensors produced by continuous vapor state
polymerization technique. They observed an increase in sensitivity by incorporating PVA into the PPy upon
exposure to methanol gas, while the response and recovery times were worse. Zhang ef al. [22] studied
proton-conducting solid-state electrolytes based on PVA as an electrochemical gas sensor for the detection
of alcohol. The prepared membranes have low ethanol detection limits of 25 ppm and excellent sensitivity.

In this study, the sensing properties of Na-SPE films based on PVA incorporating varying weight
percentages of Nal were investigated. The sensitivity, response time, and recovery time of the sensors
towards NO, gas were systematically studied. The investigation of films’ structural, morphology and
electrical properties is to understand the mechanism of the sensing process to further enhance the system’s
sensitivity. The focus of this study is to investigate the effect of Nal salt content, operating temperature,
and NO; concentration on gas sensing performance towards NO, gas.

Materials and methods

Polyvinyl alcohol (PVA) powder (M.W. = 14,000 g/mol, degree of hydrolysis 87 - 89 %) supplied by
Central Drug House Ltd., and sodium monoiodide (Nal) salt (M.W. = 149.894 g/mol) provided by Merck,
were used to synthesize sodium-ion conducting solid polymer electrolyte (Na-SPE) with varying salt
contents (10, 20, 30 and 40 wt.% of Nal). An aqueous solution of the polymer host matrix was prepared by
dissolving 2.5 g of PVA powder in 100 mL of double distilled water on a hot plate at 80 °C with constant
stirring for 2 h. The final clear solution was cooled to room temperature. A required amount of Nal was
added to every 10 mL of transparent PV A solution under stirring for 20 min to ensure complete mixing. To
obtain a transparent solid layer of Na-SPEs with a uniform thickness, the homogeneously mixed solutions
were cast onto a glass substrate, the entire assembly was placed in a dust-free chamber, and the solvent was
allowed to slowly evaporate in the air at room temperature for 3 days. The average thickness of the prepared
Na-SPE films is equal to 0.2 - 0.3 pum. The SPE films were designated 10Na-SPE, 20Na-SPE, 30Na-SPE
and 40Na-SPE for PVA incorporated 10, 20, 30 and 40 wt.% of Nal, respectively. Then, the films were
stored in a desiccator containing anhydrous silica gel to avoid the influence of humidity before being
characterized.

The X-ray diffraction (XRD) patterns for the prepared Na-SPE films were obtained by using Bruker
D8 Adv. Diffractometer instrument with CuK, target having the wavelength A = 1.5418 A. Atomic force
microscope (AFM) model AA3000 was employed to monitor the surface morphology for Na-SPE films,
using parameters such as average roughness, root-mean-square roughness, grain size and particle size
distribution. Fourier transform infrared (FTIR) spectroscopy was performed by a Bruker Alpha Corporation
in the wavenumber region between 400 and 4,000 cm™ to analyze the change in the bond structure of the
host matrix upon the formation of Na-SPE films. A computer-controlled measurement system was used to
carry out the Hall-effect experiment. The gas sensor has been designed to measure the resistance change of
Na-SPE films in air and gaseous atmosphere using a Keithley electrometer model 6514, with 6 V bias
voltages. The films were put in a 250 mL sealed container to monitor the films’ response, and a syringe
was used to inject NO, gas. All the sensing measurements were conducted at varying operating
temperatures (150, 200, 250 and 300 °C) and different NO» gas concentrations of 50 and 550 ppm. The
resistance of the films was recorded before and after exposure to the NO, gas. The sensitivity (S) is
characterized by S = (R; — Rq)/R, X 100 %, where R, and R, respectively, the sensor’s resistance in
ambient air and test gas. The times taken by the sensor to achieve 90 % of the total resistance change on
exposure to gas and air are, respectively, defined as the response and recovery times.

Results and discussion

Figure 1 displays the XRD patterns for pure PVA and Na-SPE films. The diffraction pattern of pure
film exhibits a broad band at 20 = 19.25 °, demonstrating the semi-crystalline nature of PVA, which is
caused by intermolecular hydrogen bond interactions due to the proximity of the hydroxyl (-OH) groups
[23]. The XRD patterns of Na-SPEs show a broadening in the PVA characteristic band and a decrease in
the diffraction intensity, both of which point to the predominance of the amorphous phase. This could be
due to disrupting the PVA’s semi-crystalline phase by adding Nal salt [24,25]. The absence of crystalline
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peaks of the salt in the SPEs indicates that the Nal has entirely dissolved in the matrix due to its low lattice
energy [26,27]. The high dissociation of Nal in the PVA matrix results in a rise in the free charge carriers,
and an increase in the amorphous domain leads to flexibility in the polymer backbone, resulting in better
ionic diffusivity through the matrix, which improves the ion conductivity of the SPE system [28-31].
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Figure 1 The XRD patterns for pure PVA and Na-SPE films.

It has been well reported that the sensing performance of gas sensors is greatly affected by the surface
morphology of the thin films. The sensor sensitivity increases linearly with an increase in the effective
surface area of thin films [32]. Therefore, Atomic-force microscopy (AFM) was used to examine the surface
morphology of as-prepared Na-SPEs with different Nal contents. In the 3D images of the surfaces presented
in Figure 2, all films display a granular structure almost uniformly dispersed on a surface free of cracks.
The sensitivity of gas sensors is directly correlated with the film roughness. The granular films exhibit high
gas-sensing sensitivity because they have a higher surface area for film-gas interaction [33,34].
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Figure 2 AFM images for pure PVA and Na-SPE films at different Nal percentages.

The main parameters inferred from AFM images, including root mean square, average roughness and
particle size of the randomly distributed particles, are affected by Nal content, as shown in Figure 3. The
surface roughness of the films can be attributed to the grain growth of different sizes. The high surface
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roughness of pure PVA sample designates a highly gas sensitivity of this polymer. In addition, the 20Na-
SPE sample has the largest particle size. This sample is therefore expected to have better gas sensing
performance than other samples, including pure PVA.

2.5 | 100
-g @
= 24 - 80
b [ ] .\ =y
215 - \o — e I— 60%’
%)D ./ | §
o1 40 ©
v t
é ®©
: —+= Root Mean Square (nm) =
= 05 5 220
== —m= Average roughness (nm)
—e~— Particle size (nm)
0 T T T + 0
0 10 20 30 40

Nal content (wt.%)

Figure 3 AFM parameters for pure PVA and Na-SPE films at different Nal percentages.

Figure 4 depicts the FTIR spectra in transmittance mode for pure PVA and 40Na-SPE films. The
spectrum of pure PVA film exhibits several discrete bands of stretching and bending vibrations of the
functional groups, consistent with earlier studies [35,36]. The prominent peaks of PVA were observed at
3,434, 2,917, 1,637, 1,412, 1,098, 799 and 640 cm'. These peaks are assigned, respectively, to the OH
stretching vibration of the hydroxyl group, CH, asymmetric stretching vibration, C=0 carbonyl stretching,
C-H bending vibration of CH,, C-O stretching vibrations of acetyl groups, C-C stretching vibration and C-
H out-of-phase bending, accordingly [37,38].

The FTIR spectrum of the 40Na-SPE film also exhibits the characterized bands of pure PVA. When
Nal salt is added to the PVA matrix, there is a noticeable shift in band positions as well as a slight change
in some band intensities, both of which indicate structural changes in the complex. For example, the O-H
stretching band for SPE film is shifted to 3,410 cm™!, C-H stretching band shifted to 2,920 cm™! and the
C-O stretching vibrations appeared at 1,060 cm™'. Nevertheless, the addition of Nal to the PVA matrix
caused changes in the vibration wavenumbers of some bands. The spectrum of the 40Na-SPE film does not
contain any recognizable Nal salt peaks. This demonstrates the complexation of salt with polymer [39].
Thus the observed frequency shifts of the PVA bands after adding Nal salt caused the structure changes as
a result of interaction and complexation between dissociated salt and matrix [40]. This result is consistent
with the XRD analysis.
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Figure 4 FTIR patterns for pure PVA and 40Na-SPE films.
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The room temperature Hall effect parameters such as carrier concentration, conductivity and carrier
mobility for pure PVA and Na-SPE films have been determined in this study. The Hall coefficient signal
for Na-SPE films is negative, indicating that the carriers in this compound are n-type [41,42]. The carrier
concentration (n), conductivity (o) and carrier mobility (i) were calculated, and the values are arranged in
Table 1. According to the Hall effect measurement, incorporating Nal to the PVA matrix increases
conductivity and carrier density of SPE up to 20 wt.% and decreases with further increase of salt content.
Thus this sample (20Na-SPE) has minimum resistivity (i.e., the maximum change in resistivity); it will
show the highest gas sensitivity, as seen later.

Table 1 Hall effect parameters for pure PVA and Na-SPEs with different Nal percentages.

Samples nx10'% (cm™) 6 (Q-cm™! p (cm?/Vy)
Pure PVA 4.52 19.9 2,740
10Na-SPE 4.13 20.3 3,070
20Na-SPE 6.15 21.3 2,160
30Na-SPE 5.56 20.2 2,270
40Na-SPE 5.65 20.1 2,220

The effectiveness of a sensor can be determined by its sensitivity, reaction time, and recovery time.
Response and recovery times were defined as the required time by the sensor to reach 90 % of the maximum
response when gas is injected and 10 % when gas is removed, respectively [43]. To test the sensitivity of
the samples to detect a low concentration of NO; gas, 50 ppm of NO, gas was injected over the Na-SPE
films at different operating temperatures of 150, 200, 250 and 300 °C. The pure PVA film has not exhibited
any sensitivity to the examined gas at this low gas concentration. It turns out that when a sensor is exposed
to NO» gas, its conductivity value increases and its resistance decreases. The resistance rises to its initial
value when the gas is turned off. As a result, the gas sensing mechanism of membranes depends on the
adsorption or interaction of NO, gas molecules on their surface. [27,44]. Figures 5(a) - 5(c) represents the
temperature dependence of sensitivity, response time and recovery time for Na-SPE films at various weight
percentages of 10, 20, 30 and 40 % and under the same ambient conditions. The 20Na-SPE film exhibits
the highest sensitivity to NO» gas at a temperature of 200 °C compared to other concentrations. The reduced
surface area with possible reaction sites on the film’s surface may cause a decreased response time [45-47].
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Figure 5 Temperature dependence of NO> gas (a) sensitivity, (b) response time, and (c) recovery time for
Na-SPE films at various weight percentages of Nal.
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The 20Na-SPE film shows a strong response to NO» gas with rapid reaction and short recovery time
at a temperature of 200 °C with a high sensitivity of 127.3 %. According to AFM test results shown in
Figure 3, the increase in surface roughness and particle size is the cause of the maximum sensitivity of the
20Na-SPE film at low NO> gas concentration.

To test the NO; gas sensitivity of Na-SPEs at high gas concentrations, 550 ppm of NO, gas was
injected over the sensors of pure PVA and Na-SPEs at varying operating temperatures. Figure 6 shows the
resistance change as a function of time for PVA thin film examined under exposure to 550 ppm NO; gas at
operating temperatures 50, 100 and 150 °C. The data of the resistance variation over time were used to
determine response and recovery times when exposed to 550 ppm NO, gas at various operating
temperatures, as depicted in Figure 6. This calculation is based on the phenomenon that gas molecules
adsorbing or desorbing on the surface of a sensor changes the resistance of the device [48].
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Figure 6 Resistance change of PVA thin film examined under exposure to 550 ppm NO; gas at operating
temperatures (a) 50 °C, (b) 100 °C, and (c¢) 150 °C.

Figures 7(a) - 7(b) represents the resistance variation over time for Na-SPE films at various weight
percentages of 10, 20, 30 and 40 %, respectively. It can be noted in these figures that the electrical resistance
values for all SPE samples continuously increase with increasing Nal content. The time-dependent
resistance curves were used to determine sensitivity, response time, and recovery time for all as-deposited
Na-SPE films exposed to 550 ppm NO; gas at various operating temperatures.
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Figure 7 Resistance change of (a) 10Na-SPE, (b) 20Na-SPE, (c¢) 30Na-SPE, and (d) 40Na-SPE thin films,
examined under exposure to 550 ppm NO gas at different operating temperatures.

Figure 8 represents sensitivity, response time and recovery time as a function of temperature for pure
PVA and Na-SPE films at various weight percentages of Nal (10, 20, 30 and 40 wt.%) when exposed to
550 ppm NO, under the same ambient conditions. The best response time of the sensors towards NO; gas
was found at a working temperature of 150 °C for a 40Na-SPE at a concentration of 550 ppm and was about
2.5 s, while the recovery time was about 5 s. It is also evident that this sample exhibits the maximum
sensitivity of 126 % to NO; gas in the same condition. The sensor’s response time depends on how quickly
gas molecules diffuse and react with the active layer of SPEs. Thus the 2 factors that affect sensor response

are the rate of chemical reaction on the surface grain and the spreading speed of gas molecules on this
surface [49].
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Figure 8 Temperature dependence of NO> gas (a) sensitivity, (b) response time, and (c) recovery time for
pure PVA and Na-SPE films at various weight percentages of Nal.
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The sensing materials and the type of gases to be analyzed determine the optimum operating
temperature, which may be caused by a change in the gas molecule adsorption and desorption rates on the
sensing element’s surface [50]. The maximum sensor response occurs at 150 °C and is caused by an increase
in the rate of NO, molecules interacting with the sensing surface, which may be mostly the result of
improvements in the rate of adsorption rather than desorption [51]. These results suggest that Na-SPE films
would be suitable for commercial and environmental sensor applications.

Conclusions

The casting method has been used to produce Na-SPEs films based on PVA with varying salt amounts.
The study was focused on investigating the effect of Nal salt content, operating temperature and NO,
concentration on gas sensing performance towards NO; gas. The structural, morphology and electrical
conductivity of the Na-SPE films were investigated to understand the detailed sensing mechanism of the
compound. The Hall effect data confirm the n-type conductivity of the Na-SPEs. The pure PVA film did
not indicate any response to NO» gas at a low concentration. However, the Na-SPE structure exhibits high
sensitivity with rapid response/recovery times, which are essential features for sensor applications. At low
NO; gas concentration, 20Na-SPE film shows the maximum sensitivity of 127.3 % at a temperature of 200
°C, while at high gas concentration, the maximum sensitivity of 126 % was achieved for 40Na-SPE at 150
°C. These results imply that this compound would suit environmental and industrial uses.
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