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Abstract. Solid polymer electrolytes (SPEs) of Poly(sodium 4-styrenesulfonate) (PSS) as a
polymer host and lithium perchlorate (LC) as an ionic dopant were prepared using a single-
solvent via solution casting technique. According to XRD analyses, the solid polymer
electrolyte films were in amorphous phase and the coexistence of peaks of the materials (PSS
and LC) confirmed that the complex films were successfully obtained. The SEM observations
revealed that the films appeared to be rough, flat, and irregular shape of surfaces. The highest
ionic conductivity (c) of 7.21x10° S cm™ was achieved at room temperature (303K) for the
sample containing 15 wt.% LC.
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1. Introduction

Solid state ionic conductors are crucial topic in various energy storage fields such as in
battery, fuel cell and sensor technologies [1]. In battery application for instance, solid state
conductors are mainly present as a solid electrolyte. This electrolyte has two main functions
which are as a separator and as a medium for ionic species movement via its structure or
surface. In general, a polymer like Poly(Sodium 4-Styrenesulfonate) (PSS) is used as a
host/medium to prepare such electrolyte and it is doped with ionic salts (for example lithium
perchlorate (LC)) to enhance the ionic conductivity of the polymer until it reaches the highest
value. This solid polymer electrolyte (SPE) can normally be obtained whether in crystalline or
amorphous and/or in both phases. Wright [2] initiated the first document to prepare solid
polymer electrolytes for all-solid state battery applications. Generally, a SPE without an ionic
dopant is known to have unsatisfactory performance at ambient temperature which is one of
its weaknesses compared to the existing conventional liquid/hybrid electrolytes [3]. To this
extent, numerous studies on SPE doped with ionic salts have been conducted and the
experiments had excellent results. A number of these successfully works had proven that the
high ionic conductivity can be easily obtained, and the flexibility of SPE can be preserved by
controlling the salt content inside the polymer [4-10].

In SPE preparation, PSS is used as a host polymer and LC as an ionic dopant. PSS is
well acknowledged as an anionic polyelectrolyte [11]. It can be produced by the
polymerization of an anionic surfactant, sodium styrene sulfonate. There is a group of polar
solvents as listed in Zoghlami et. al 2017 that can be used to dissolve this polyelectrolyte [11].
The advantages of PSS as an agent of dispersion of graphene in water for sensor
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application [12], as a filler for coating thin mercury film electrode and as a detector to trace
metal in water [13-15] have attracts many researchers to discover its current and future
potential in other new possible applications. PSS also can act as an effective binder for
graphene sheets and is able to increase the specific capacitance and the rate capability of
capacitance [16]. In a few research works, PSS was used as a host polymer and proven that its
bare ionic conductivity could be boosted if doped with the appropriate ionic salts [17-20].

LiClO,4 (LC) exits as a white crystalline solid and is colorless at room temperature. It is
highly soluble in many solvents such as methanol, ethanol, diethyl ether, pyridine, acetonitrile
and the rest as reported by Markowitz et. al, 1961 [21]. It is useful in fuel cell, supercapacitors
and battery as an electrolyte component [22,23]. Previous studies provided experimental
evidenced that the polymers-based complexes with LC possess an outstanding ionic
conductivity, making them attractive for further investigation [23-25].

In this work, we attempt to study the effect of LC on the morphology, structural and
electrical conductivity of PSS complex films. The structural modifications of SPE were
investigated through a technique of X-ray diffraction. To examine the morphology evolution
of the surface of doped-SPE, the SEM technique was used at high and low magnification
configurations. Their conductivity behavior was determined using electrochemical impedance
spectroscopy.

2. Materials and experimental methods

PSS and LC with 99.99% purities were used to produce complexation membranes via a
solution casting technique. In brief, the solutions were prepared by liquidating 1g of PSS
powder into 100 ml of distilled water. Then, different amounts of LC (varied from 0 to 25 (in
weight percentage, wt.%)) were added to the solutions as scheduled in Table 1. The blends
were stirred constantly with a magnetic stirrer until homogenous solutions were achieved.
After that, the solutions were transferred into different plastic Petri dishes and were left for
evaporation in order to form solid state films. Subsequently, the films were reserved in
desiccators (with silica gel) for a certain period to diminish the water content. A schematic
diagram of overall preparation process is described in Fig. 1. To note here, all the
experimental works were carried out at room temperature.

Table 1. The compositions of PSS and LC powders.

Designation Solvent (ml) Polymer (g) lonic salt lonic salt (g)
(Wt.%)
Pure 100 1 0 0
A 100 1 5 0.053
B 100 1 10 0.111
C 100 1 15 0.177
D 100 1 20 0.250
E 100 1 25 0.333

An X-ray diffraction technique was used to determine the crystallinity of samples. A
MiniFlex II diffractometer equipped with an X’celerator, using CuK, radiation was ran to
record XRD patterns in range of 20 = 10° to 80°. In investigation of crystallinity and/or
amorphous phases of complex samples, the XRD patterns underwent a fitting process using
Origin software. In general, these phases were evaluated by dividing area under the all peaks
with area under the whole diffractogram. The percentages of phases of studied samples were
calculated using equation (1) [4,26,27]:
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Fig. 1. A schematic diagram of the preparation of PSS-LC complexes films.

In order to investigate the effect of LC on PSS surface morphology, a scanning electron
microscopy was employed to observe the surface images of the sample. It was carried out
using the Model JEOL JSM-6360LA device with an acceleration voltage of 20kV. The
images were taken for selected magnifications of x300, x5000 and x10000, 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 using a HIOKI
3532-02 LCR Hi-Tester which was interfaced to a computer. It was used to determine the
electrical properties over a wide range of frequencies from 50Hz to 1MHz. The prepared
samples were cut into 2 cm diameter size and placed between two stainless steel electrodes on
a sample holder which was connected via leads to a computer. The bulk resistance, Ry, can be
directly obtained from the imaginary impedance (Z;) versus the real impedance (Z;) plots from
the impedance system. A micrometer-screw gauge was used to measure the sample’s
thickness which was then employed to calculate conductivity of sample using the equation

(2):
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where t = thickness of the thin film (in cm) and A = area of the contact and Ry,= bulk
resistance.

3. Results and discussion

The XRD patterns recorded from 26 = 10° to 80° on PSS film, LC powder and PSS-LC
complex solid films are depicted in Fig. 2. The PSS film diffraction pattern can be identified
with the two broad peaks at different location of 26, the first in between 15° to 25°, and the
other in between 25° to 33°, these peaks correspond to the amorphous nature of polymer
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which was calculated to be roughly 74.1% of the pattern. A few peaks located at 21.3, 23.1,
24.9, 31.6, 33.2, 35.7, 39.5, 47.2, 49.1, 52.3, 57.8, 63.0 and 73.7° are clearly visible in the LC
diffraction pattern, demonstrating that it is riches with crystalline moieties. Phase calculation
using the equation (1) reveals that the pattern tends to be more crystalline (62.4%) compared
to amorphous (37.6%). The present study on PSS and LC diffraction patterns is in good
agreement with other studies on similar materials as reported in literature [28-32]. The rest of
XRD patterns refer to PSS-LC complex films. As seen in all patterns, by adding LC in the
films, no significant change can be observed and the films have a certain similarity and
presence in highly amorphous phase. Specifically, with 5wt.% LC, the pattern of complex
films remains similar to the pure PSS film, but the amorphous phase had increased to 78%.
With addition 10wt.% of LC, the pattern changed a little bit with sharp peaks appearing at 23°
and 32°, respectively. These peaks correspond to LC compared to its XRD pattern and those
published in literature. The amorphous phase of the sample had also increased to 83.2% at 10
wt.% of LC. Further addition of 15wt.% of LC changed the XRD pattern and the amorphous
phase of film slightly decreased to 80.3%. In other words, the film became more crystallized.
With the addition of LC content from 20 to 25wt.%, the resulting patterns were observed to
match the patterns of the sample with 15wt.% LC. However, the amorphousity of film
decreased to 77.4 and 56.2%, respectively. The overall XRD results revealed that the
complex films tend to present in amorphous phase rather than crystalline phase, and the
existence of LC does not leverage much on the patterns due to highly amorphous nature of
polymer and its partially crystallinity. The co-availability of XRD peaks for the studied
materials ratify their complexation in solid polymer electrolyte film [33-36].
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Fig. 2. XRD pattern for LC, PSS and hybrid PSS-LC films.
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Fig. 3. SEM images PSS (a, b) and LC (c, d).

Figure 3 shows the scanning electron micrograph images of PSS and LC powders. In
bare powder form, the PSS has a rounded curve shape with diameters of 5 and 10 um,
respectively (Fig. 3a and 3b), while the morphology of LC can be explained as flat and
compact grains 1~5um in diameter. In film form, at low magnification (x300), the PSS had
shredded and peeling-off flakes at certain surface area (Fig. 4a) but in high magnification, the
surface was observed to have irregular grains with very fine particles (less than 1 um) (Fig.
4b) covering the whole area of image. This surface morphology has been modified with
presence of wrinkles, and the peel-off film was diminished in some particular areas after the
adding 5wt.% of LC (Fig. 4c and 4d). With the addition of 10wt.% of LC, the wrinkles
arranged in uniform orientation with the peel-off film had completely disappeared. New
sphere shapes were clearly observed on the surface (Fig. 4e and 4f) due to surface
modification. In Fig. 4g (15wt.% of LC), the wrinkles seem become thick joined to the sphere
shapes on the top at increasing quantity. At high magnification image (x10000), the actual
surface of film was seen to be covered with small particles (Fig. 4h). With further addition of
20wt.% of LC, cracked films without complete separation can be seen in specific areas (Fig.
4i and 4j). The film fracture spread further after the amount of LC was increased to 25wt.%
(Fig. 4k) and it is clearly visible where the pieces of films are disconnected with each other as
shown in Fig. 4l.
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Fig. 4. SEM micrographs at different magnifications for (a,b) PSS films, (c,d) 5wt.% LC
(sample A), (e, f) 10 wt.% LC (sample B), (g, h) 15 wt.% LC (sample C), (i, j) 20 wt.% LC
(sample D) and (f) 25 wt.% LC (sample E).
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Table 2. The bulk resistance and ionic conductivity of PSS-LC complexes films at room
temperature.

. . Bulk resistance, Ry Conductivity, o
Designation Q) S cm'l)
Pur 1.12 x 10* 7.22 x 10
A 1.88 x 10° 4.84x 10"
B 6.91 x 10° 1.41x 10°
C 1.21 x 10¢ 7.20x 10°®
D 2.82 x 10° 2.98x10°
E 3.48 x 10° 2.42x10°

Conductivity, o (S cm™)
=
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Fig. 5. The conductivity variation as a function of salt content at room temperature.

The values of bulk resistance, R, and the ionic conductivity, o of the samples are
tabulated in Table 2 while Fig. 5 presents a trend of ionic conductivity variation as a function
of salt content at room temperature. The measured thicknesses of the samples were in between
8.0 x 10° to 9.0 x 10 cm and used together with bulk resistances to calculate the ionic
conductivity of sample using equation (2). The bulk resistance of the pure PSS film was
1.12 x 10* Q with an ionic conductivity of approximately 7.22 x 10® S cm™. With addition of
5 wt.% of LC, the bulk resistance decreased to 1.88 x 10° Q and the ionic conductivity
increased to 4.84 x 107 S cm™. The bulk resistance (6.91 x 10° Q) was decreased after
addition of 10 wt.% LC and given the ionic conductivity of 1.41 x 10° S cm™. With addition
of 15 wt.% LC, the bulk resistance was reduced to 1.21 x 10? Q and given the highest ionic
conductivity of 7.20 x 10° S cm™. In addition of 20 wt.% LC, the measured resistance
increased to 2.82 x 10? Q and reduced the ionic conductivity to 2.98 x 10° S cm™. The
declined trend of ionic conductivity continued in 25 wt.% LC film with the value was
3.16 x 10" S cm™ and the bulk resistance of 3.48 x 10> S cm™, respectively. With further
addition of LC in polymer, the formation of complex films cannot be obtained and the
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investigation on its electrical conductivity is difficult to be conducted via the available
equipments. To be note, the high standard deviations for a few samples especially for 20 and
25wt% LC were due to the films disintegrated and provided the high resistance values. From
Fig. 6, it can be understood that the addition of LC up to 10wt.%, the degree of amorphousity
of complex samples was increased and matched to the trend of ionic conductivity. With
addition of LC up to 15wt%, the degree of amorphousity was started decreased but not on its
conductivity which continued increased to achieve the highest value. At 20 and 25wt% of LC,
the amorphousity of sample furthers declined and this trend was comparable to the trend of
ionic conductivity.
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Fig. 6. The % of crystallinity and the conductivity variation as a function of salt content at
room temperature.

To summarize, the increasing trend of ionic conductivity is believed to correspond to
two major factors. First is the amorphous structure of complex samples which acts as a
supportive medium for fast ionic movement. As reported by many researchers [24,37-39], the
ionic conductivity in amorphous complex structures is higher than that in crystalline polymer
salt complexes due to the relatively low interfacial resistance in between the solid electrolyte
and the electrode. The second factor is related to the inorganic salt which supplies ionic
conductors to the closed system until a saturated condition is achieved. This is because the
increase in conductivity with salt content is attributed to the increased in the number of free
mobile ions. For the decrease in ionic conductivity trend, it may be due to ion association
which decreases the number of free ions available for conduction, or the decrease in mobility
of the ions [40]. The drop in conductivity can also be due to the existence of wrecked films
and the increase in crystallinity of film which are well supported by XRD and SEM analyses
as shown in Fig. 4 and Fig. 6, respectively. These discoveries are also in good agreement with
the investigation conducted by Mellander and Albinsson, and Reddy et. al [24,41].
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4. Conclusions

In this study, ion-conducting polymer electrolytes based on PSS-LC were successfully
prepared via a solution casting technique. The effects of LC on the PPS structure and
electrical properties were investigated on using X-ray diffraction, scanning electron
microscope and electrochemical impedance spectroscopy. To our knowledge, this is the first
time that films based on PSS complex with LC is discussed, particularly on its structure and
ionic conductivity.

In summary, it can be concluded that the complex films were highly amorphous rather
than crystalline. The XRD analysis also proved that there are coexistence peaks attributed to
the materials studied on, confirming the success of the complexation process occurring in this
film. According to the morphology observations, the addition of LC can significantly modify
the surface texture of the film, as the highest conducting sample containing 15 wt.% LC
(7.20 x 10° S cm™) tended to have wrinkles surrounding the image mixed with a small and a
large circle shape which confirm the amorphous phase of film that supports to facilitation of
mobile free ions in high volume.
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