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Abstract
Solid polymer electrolytes of poly(sodium 4-styrenesulfonate) as a polymer host and ammonium nitrate as an ionic dopant were prepared using a single-solvent via solution casting technique. According to the X-ray diffractogram and Fourier transmission infrared analyses, the solid electrolyte films were in an amorphous state and the coexistence of interaction between cation NH4+ and the polymer structure agrees that the complex film was successfully prepared. The scanning electron microscope observations revealed that the films appeared to be rough, flat, and irregularly shaped surface. The highest ionic conductivity (σ) of 3.16×10-4 Scm-1 was achieved at room temperature (303K) for the sample containing 30 wt.% ammonium nitrate. 
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Abstrak
Elektrolit polimer pepejal poli(sodium 4-stirenasulfonat) sebagai polimer perumah dan ammonium nitrat sebagai dopan ionik telah dihasilkan menggunakan pelarut tunggal melalui teknik tuangan larutan. Merujuk kepada analisa difraktogram sinar-X dan inframerah transformasi Fourier, filem-filem elektrolit pepejal dihasilkan dalam keadaan amorfus dan pengkompleksan di antara kation NH4+ dan struktur polimer mengesahkan filem tersebut berjaya dihasilkan. Pemerhatian mikroskopi elektron imbasan mendedahkan filem-filem tersebut mempunyai permukaan yang kasar, rata dan wujudnya bentuk-bentuk yang tidak seragam pada permukaannya. Nilai tertinggi konduktiviti ionik (σ) of 3.16×10-4 Scm-1 telah diperolehi pada suhu bilik (303K) bagi sampel yang mengandungi 30 wt.% ammonium nitrat.  

Kata kunci: teknik tuangan larutan, elektrolit polimer pepejal, pengkompleksan, konduktiviti ionik 

Introduction
Polymer electrolytes are the topic of exhaustive studies, to a certain extent because of their opportunity to be utilized as the electrolyte in all-solid-state batteries [1]. Briefly, an ionic salt (for example, ammonium nitrate (NH)) is dissolved in a solid host polymer like poly(sodium 4-styrenesulfonate) (PSS) to form the polymer electrolyte and may be prepared as crystalline, amorphous, and/or in both phases. Wright proposed the first documented idea to prepare the solid polymer electrolyte [2]. Since then, studies of this subject have been continuously performed until today, aiming to discover the potential material of SPEs especially for energy storage applications. In general, SPE is known to have insufficient performance at ambient temperature, which could be one of the drawbacks to their usefulness compared to the existing conventional liquid/hybrid electrolytes [3]. To this extent, numerous studies have been conducted to overcome this disadvantage and to enhance their room-temperature conductivity as well as mechanical properties through blending a variety of polymers [2-4], crosslinking [5], insertion of ceramic fillers [6], plasticization [7], and doping with ionic salts [8-14]. The result from these studies indicated that the utilization of doping salts, which formed at low-temperature eutectics with polymers, is one of the significant approaches to gain SPE with high ionic conductivity and at the same time could preserve their flexibility by controlling the amount of salt in the polymer. 

PSS is used as a host polymer and NH as an ionic dopant in SPEs preparation. PSS is well known as an anionic polyelectrolyte [15]. It is obtained by the polymerization of an anionic surfactant, sodium styrene sulfonate. This polyelectrolyte can be dissolved in polar solvents as listed in Zoghlami et al. [15]. PSS gets exclusive awareness by many researchers because of its advantages as an agent of dispersion of graphene in water for sensor application [16], as filler for coating thin mercury film electrode, and as a detector to trace metal in water [17-20]. PSS also can act as an effective binder for graphene sheet, increase the specific capacitance, and improve the rate capability of capacitance [21]. It is universally used as a host polymer and, experimentally proven by some researchers, can boost the ionic conductivity in electrolyte systems [22-25].

NH, the chemical compound with the formula NH4NO3, came with white crystalline solids at room temperature. It is odourless, easily soluble in hot and cold water, and highly soluble in acetone, partially soluble in methanol, and insoluble in diethyl ether. It is useful reagents in agriculture and military fields [26, 27]. Previous studies show that the polymers-based complex with NH possess high ionic conductivity, making these hybrids’ membranes attractive for further exploration [28, 29].

In this current work, the authors attempt to study the effect of NH on the morphology, structural, and electrical properties of PSS. To examine the evolution of the morphology on the surface of doped-SPE, the SEM technique was used with high and low magnification configurations. The structure modifications of SPE were investigated through FTIR spectroscopy and X-ray diffraction, respectively. Their electrical properties were determined by electrochemical impedance spectroscopy.

Materials and Methods
Preparation 
Membranes were prepared using a solution casting technique. The details of the compositions of the PSS (Aldrich, molecular weight ~ 5 x 106) doped with NH (Sigma-Aldrich, 99.99%) follow. Briefly, the solutions were obtained by diluting 1g of PSS powder into 100 ml of distilled water. Subsequently, different amounts of NH (varied from 0 to 30 in weight percentage, wt.%) were added to the solutions, as listed in Table 1. The mixtures were stirred continuously with the magnetic stirrer until homogenous solutions were achieved. Next, the solutions were poured into different plastic Petri dishes and left for the evaporation process to form thin films. The films were then kept in desiccators (with silica gel) for a certain period to reduce water content. All the experimental steps were carried out at room temperature.
Table 1. The compositions of PSS and NH powders. 
	
	Solvent
(ml)
	Polymer
(g)
	Ionic Salt
(wt.%)
	Ionic Salt
(g)

	Pure
	100
	1
	0
	0

	A
	100
	1
	5
	0.053

	B
C
D
E
F
	100
100
100
100
100
	1
1
1
1
1
	10
15
20
25
30
	0.111
0.177
0.250
0.333
0.429



Characterization
The amorphous or crystal phase of a sample was determined by X-ray diffraction technique. XRD is also used to analyse the atomic arrangements of the materials, because inter-planar spacing (d-spacing) of the diffracting planes is the same order of X-ray wavelength. A MiniFlex II diffractometer equipped with an X’celerator using CuKα radiation was used to record the XRD pattern in the range of 2θ = 10o to 80o.

The composition and complex formation in the sample was analysed by a Thermo Nicolet Avatar 380 FT-IR spectrometer. It simultaneously collects spectral data in a wide spectral range from 4000 to 675 cm-1 with spectra resolution of 4 cm-1. The spectrometer is equipped with an attenuated total reflection (ATR) accessory with a germanium crystal. The sample was put on the germanium crystal and infrared light was passed through the sample; the graph is sketched.

The surface morphology of the prepared sample was investigated by scanning electron microscopy. It was carried out using the Model JEOL JSM-6360LA device with an acceleration voltage of 20kV. The samples were observed under the magnifications of 300x to 5000x, accordingly. Through this technique, the crystalline or amorphous nature of the sample can be directly observed. Impedance spectroscopes for room temperature (30 °C) were measured by using the HIOKI 3532-02 LCR Hi-Tester, which is interfaced to a computer. It is used to determine the electrical properties over a wide range of frequencies from 50 Hz to 1 MHz. The prepared samples were cut into two-centimetre diameter size and placed between two stainless steel electrodes on a sample holder connected via leads to a computer. The imaginary impedance (Zi) versus the real impedance (Zr) was plotted using the same scale for both vertical and horizontal axes to obtain the bulk resistance, Rb. A micrometre-screw gauge was used to measure the sample thickness, employed to calculate conductivity of the sample using the equation (1):

					       						   (1)

where t = thickness of the thin film (in cm) and A = area of the contact and Rb= bulk resistance.

Results and Discussion
The results of XRD analysis at room temperature recorded from 2θ = 10o to 80o for NH, pure PSS, and PSS-NH complexes systems are shown in Figure 1. Several sharp peaks, located at 22.2, 24.1, 28.6, 32.7, 35.9, 37.6, 39.9, 45.6, 49.3, 50.8, 51.5, and 58.4o, were clearly visible in the NH pattern, indicating that it is rich with crystalline moieties. A hump (very broad) peak can be observed in between 25o and 35o, which also corresponds to an amorphous phase of NH; however, its portion is quite low compared to the crystalline phase, although these structures of NH are similarly reported in literature [30-34]. As the comparison for all XRD patterns of PSS-NH samples reveal that they have a certain similarity and subsist in an amorphous state. Specifically, a very broadened peak in between 2θ = 15o and 25o can be identified in PSS diffraction pattern, which refers to naturally amorphous phases of polymer. By adding 10 to 30 wt.% NH into the polymer, two hump peaks are observed in the patterns located at 15o to 25o and 23o to 33o, which match the broaden peaks of PSS and NH, respectively, and confirm the complex processes taking place in these materials. The result also reveals that the complex films tend to be highly amorphous rather than crystalline phase, and, significantly, the presence of NH does not have much influence on the formation of peaks in the complex samples. The coexistence of XRD peaks belongs to these two materials, validating their appearance in solid polymer electrolyte film [35, 36].
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Figure 1. XRD pattern for PSS, NH, and hybrid PSS-NH films
The FTIR spectra for ammonium nitrate and polymer-ionic dopant complexes are shown in Figure 2. In the spectrum of NH (Figure 2(a)), the strong and medium bands of NH at 1380 and 832 cm-1 correspond to the nitrate functional group [37, 38]. Another band in the nitrate group is 1630 cm-1, where the water molecule is bound symmetrically or asymmetrically to the nitrate ion, according to Goebbert et al. [39]. The spectrum also contains a band at 3030 cm-1 that is due to the N-H stretching in the ammonium group. From observation on the complexed spectra, there are significant changes for all prepared samples, especially within their intensity and spectrum patterns. Ordinarily, the peak intensities increase as the used amount of NH in PSS increases, and, specifically, the characteristic peaks of NH peaks obviously appear in the whole of the PSS spectra. Coates and John mentioned that if an IR spectrum has the functional group of two different materials (in this case, ammonium nitrate and PSS), it can confirm that the chain-reaction (or addition) polymerization process is successfully achieved due to the existence of each chain in that spectrum [37].
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Figure 2. FTIR analysis of (a) NH and (b) different weight % of NH in PSS
Figure 3 shows the scanning electron micrographs of pure PSS and PSS-NH complex films. Typically, all prepared samples were transparent films with no separation. They were in a solid form while analysed at different magnifications (×300; ×500; ×5,000) and regions, as shown in Figures 3(a) to 3(f). In Figure 3(a), the morphology of NH powder appeared to be uneven, rough, and contain some irregular shapes with varied sizes, whereas Figure 3(b) is the morphology of PSS powder, indicating that PSS particles have the most regular shape and smoothest surface texture (closer to spheres with a smoother surface). Figure 3(c) illustrates the SEM image for the pure PSS film with some of wave shape observed on its surface. The wave shape, together with some small grains contour (x5000 magnification image), were also observed on the whole SEM image for 10 wt.% NH sample (Figure 3(d)). The surface contour of the sample with 20 wt.% NH changed to have a bigger and thicker wave shape, as depicted in Figure 3(e). Taken in a selected area of the image, the morphology tended to have some mixed small and large square plate grain shapes. These square plate grains appeared in a larger size (compared to Figure 3(d)) and presented in a different directional orientation. Figure 3(f) demonstrates the SEM image of the sample containing 30 wt. % NH. Adding a stated amount of NH shows that the morphology surface has changed a little bit with the existence of many smaller diameters of wave contours covering the whole area of the SEM image. Interestingly, the zooming SEM image at 5000x magnification reveals that this surface morphology has similar grains shapes as observed in Figure 3(d), but with most them at a smaller size, and their directional orientation is more arranged. 
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Figure 3. SEM micrographs for (a) NH powder, (b) PSS powder, (c) PSS film (pure), (d) 10 wt.% NH (sample B), (e) 20 wt.% NH (sample D) and (f) 30 wt.% NH (sample F). (Note: : the selected image in x5000 magnification)

The specific size of surface area for selected grains for Figure 3(e) and Figure 3(f) was calculated using imaging software and depicted in Figure 4. The measured data were transformed to the graph of area versus the grain number (Figure 4b and Figure 4d). As observed, the mixed grains with the biggest and average area sizes in 20 wt.% NH are 19.8 and 5.1 m2, whereas for the sample with 30 wt.% NH, the values are 9.7 and 3.8 m2, respectively. A group of researchers have proven that the size of particle can provide a significant effect on the electrical properties of materials when employed in the closed system [40-42]. Figure 5 shows the SEM image for the sample of 30 wt.% NH, with red circles of pores detected in the whole image. There are two differences of images in Figure 4 and Figure 5: first, the area size of grains, and second, the structure, which came together with the pores distinguished in the specific area of the image. These pores have the diameter size in range of 14 to 38 nm, as tabulated in Table 2, and have special characteristics which could contribute to enhancing the electrical properties of the studied materials [43, 44].
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Figure 4. The area size of grain for (a, b) sample e and (c, d) sample f 
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Figure 5. The SEM image of pore in the specific location in the whole SEM image for the highest conductivity sample
Table 2. The diameter of pore in nanometre
	No. of Pore
	Pore Diameter (nm)

	1
2
	38
35

	3
	35

	4
5
6
7
8
9
10
11
12
	21
21
14
38
35
35
21
21
14



The values of bulk resistance, Rb, and the conductivity, σ, of the samples are tabulated in Table 3. The measured thicknesses of the samples were between 0.009 and 0.016 cm. The bulk resistance of pure PSS in the film form is about 1.01 x 103 Ω, with an ionic conductivity of approximately 2.83 x 10-6 S cm-1. By adding 5 wt.% of NH in the polymer, the bulk resistance increases to 1.21 x 103 Ω and the ionic conductivity increases to 3.68 x 10-6 S cm-1. The bulk resistance (1.08 x 102 Ω) decreases after adding 15 wt.% NH and gives the ionic conductivity of 1.85 x 10-5 S cm-1. Further adding 20 wt.% NH, the bulk resistance increases to 1.82 x 103 Ω and gives the lowest ionic conductivity (8.05 x 10-6 S cm-1). At 25 wt.% NH, the measured resistance decreases (3.48 x 103 Ω), offering an increase in ionic conductivity to 1.46 x 10-5 S cm-1. The increase trend of ionic conductivity continues in the 30 wt.% NH sample, with the value of 3.16 x 10-4 S cm-1. Additional NH in the polymer solution experimentally reduces rigidity of the mixture; as a result, the complex film cannot be formed, and its ionic conductivity is difficult to measure using the current equipment. The overall trend of conductivity variation as a function of salt content at room temperature is depicted in Figure 6. In general, the increasing trend of ionic conductivity is probably due to the amorphous state of film and the increase in the number of mobile charge carriers, as the NH concentration increases in the samples. The decreasing pattern here is possibly due to the decrease in carrier mobility and the crystallites affecting ionic conductivity. The boundary between the crystallites and the amorphous area could function as a barrier for the ionic migration. The crystallites also sterically hinder the ionic migration. These effects may be answerable for the lower ionic conductivity for the film at 20 wt.% concentration [45-48]. The low crystalline phase and the presence of porosity structure should contribute more to enhancing the ionic conductivity by allowing the larger group of ions to flow through it [1, 45, 48]. 

Table 3. The ionic conductivity of PSS–NH at room temperature
	
	Bulk resistance, Rb (Ω)
	Conductivity,   (Scm-1)

	Pure
A
	1.01 x 103
1.21 x 103
	2.83 x 10-6
3.68 x 10-6

	B
	1.08 x 102
	2.35 x 10-5

	C
D
E
F
	1.03 x 102
1.82 x 103
3.48 x 102
1.61 x 101
	1.85 x 10-5
8.05 x 10-6
1.46 x 10-5
3.16 x 10-4
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Figure 6. The conductivity variation as a function of salt content at room temperature

Conclusion
In this study, the ion-conducting polymer electrolytes based on PSS-NH have been successfully prepared via a solution casting technique. The effects of NH on the PPS structure were investigated based on X-ray diffraction, infrared spectroscopy, and scanning electron microscope. To current knowledge, this is the first time that the film based on PSS complex with NH has been discussed, particularly regarding its structure and ionic conductivity. This information is crucial for further studies on thin film electrolytes as one of the key components in solid state battery application.

In summary, it can be concluded that the complex films were in the amorphous rather than the crystalline phase. The FTIR analysis can be described as coexistence bands from both materials, which confirmed the successful polymerization process occurring in this study. According to the morphology observations, the addition of NH can appreciably change the surface morphology of the film, with the highest conducting sample containing 30 wt.% NH (1.82 × 10-5 S cm-1) tending to have mixed small and large square uneven shapes that attached together. Also observed, with an addition of 30 wt.% NH to PSS film, the pore structures can be clearly seen, which the authors strongly believe contributed in enhancing the ionic conductivity of the PSS-NH hybrids film.
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