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Abstract

In this study, we report on poly(vinyl alcohol) (PVA)/gum arabic (GA)/LiClO, membranes as solid polymer electrolytes (SPEs)
for possible application in electrochemical devices. The samples were prepared with 0 to 48 wt% of LiClOy as a source of ions
and subjected to electrochemical, structural, morphological, optical, and thermal characterizations. The best results were obtained
for PVA/GA with 24 wt% of LiClO,. This sample exhibited the highest ionic conductivity of 1.6 x 10 *and 8.6 x 10 S cm ' at
25 and 80 °C, respectively, transparency of 80—-87% in the 400 and 633 nm range, being thermally stable up to 150 °C. The PVA/
GA electrolytes were predominantly amorphous according to X-ray diffraction (XRD) data, and formed homogeneous surfaces
in scanning electron microscopy (SEM) and atomic force microscopy (AFM) images.

Keywords Solid polymer electrolyte - Gum arabic - Poly(vinyl alcohol) - Ionic conductivity

Introduction

Polymer electrolytes consist of salts or acids dissolved in a
polymer matrix, thus resulting in solid or quasi-solid (gel)
solutions that contain ions. These electrolytes are advanta-
geous in replacing liquid ones as they solve electrolyte leak-
age problems, especially the gel polymer electrolytes that are
inexpensive and easy to prepare. They also provide excellent
contact between the electrodes and retain the liquid phase [1].
Wright et al. [2] reported in 1973 on complexes between poly
(ethylene oxide) (PEO) and alkali-metal ion salts, which has
marked the start of a new research field on polymer electro-
lytes. Since then, many synthetic polymers have been used in
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polymer electrolyte matrices, most of which based on PEO.
For more than 20 years, natural macromolecules have also
been studied because they possess heteroatoms, similarly to
PEO [3]. Examples include polymer electrolytes made with
hydroxyethyl cellulose [4], hydroxypropyl cellulose [5], chi-
tosan [6, 7], agar [8, 9], gellan gum [10], and blends such as
chitosan-poly(vinyl alcohol) [11] or carrageenan [12]. Though
many polysaccharides were used as polymer electrolytes ma-
trices, there is no report on gum arabic (GA). GA is a hardened
sap that accumulates on trunks and branches of wild acacia
tree species such as Acacia senegal and Vechellia (Acacia
seyal) [13]. It contains mainly glycoproteins and polysaccha-
rides (arabinose and galactose); being edible, it is used as an
additive in pharmaceutical and food industry as a stabilizer,
thickener, and emulsifier [14]. Therefore, it is biocompatible
and biodegradable. GA is also used in glue formulations [15],
so one can expect it to provide efficient contact with electrodes
when used as polymer electrolyte. Furthermore, similarly to
PEO, GA has oxygens that can complex lithium ions and
promote ionic conduction.

Polymer blends are made by mixing two or more compat-
ible polymers that can result in one miscible phase, two par-
tially miscible phases, or immiscible systems [16]. They can
also be obtained by the addition of plasticizers to the polymer,
which results in ionically conducting systems [7], and have
enhanced properties compared to their constituents alone [16,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11581-019-03433-3&domain=pdf
mailto:cesaravellaneda@gmail.com

2942

lonics (2020) 26:2941-2948

17]. Electrolytes made with polymer blends were first reported
in 1985 when an increase of one order of magnitude in elec-
trical conductivity at room temperature could be reached [18].
Most polymer electrolytes made of natural macromolecules
contain a plasticizer, but there are also electrolytes made with
synthetic polymers (e.g., chitosan-PEO [19]) or obtained from
natural polymers only, including chitosan-agar and chitosan-
gelatin [20]. The synthetic polymer poly(vinyl alcohol) (PVA)
obtained through polymerization of vinyl acetate or ethyl ac-
etate has also been used in polymer electrolytes. Being water-
soluble, biocompatible and biodegradable, it is interesting for
use in medicine [11]. It has been employed as polymer elec-
trolyte with sodium triflate (NaTf) [21] or as an additive to
synthetic and natural polymers [11, 22]. PVA with 30 wt% of
NaTf had ionic conductivity of 7.39 x 107> S em™ ' [22], while
plasticized PVA with 24 wt% of chitosan and 40 wt% of
NH,4NO; had the conductivity of 2.07 x 10 S cm™'. An ad-
dition of 70 wt% of ethylene carbonate enhanced the ionic
conductivity to 1.60 x 10> S cm ' [11].

In this paper, we report the preparation and characterization
of solid polymer electrolytes based on PVA/GA blends. Since
both polymers are water-soluble, biocompatible and biode-
gradable, they comply with green chemistry principles. They
have oxygens to complex lithium cations and promote ionic
conduction. The PVA/GA membranes with different LiClO4
quantities were obtained and characterized by spectroscopic,
structural, morphological, and microscopic techniques for
possible use in flexible electrochromic devices.

Materials and methods
Preparation of solid polymer electrolytes

0.75 g (30 wt%) of PVA (Vetec; Brazil) and 0.25 g (10 wt%)
of GA (Sigma-Aldrich; Brazil) were separately added to the
beakers with 10 mL of distilled water at approximately 90 °C
under magnetic stirring. After dissolution, these polymers
were combined in a single beaker and stirred. Then, different
amounts (0, 0.1, 0.3, 0.6, 0.9, and 1.2 g; 048 wt%) of anhy-
drous LiClO, (Vetec, Brazil) as ion source, 0.5 g (20 wt%) of
formaldehyde (J.T. Baker; Brazil) as a crosslinker, and 1 g
(40 wt%) of glycerol (Synth; Brazil) as plasticizer, were added
to this solution and mixed until complete homogenization.
Finally, the solution was poured on a Petri dish and dried in
an oven at 50 °C. The samples were stored in a desiccator for a
week before analysis [23]. The samples were identified as
PVA/GA,, where x is a weight percent of LiClOy.

Characterization techniques

Electrochemical Impedance Spectroscopy (EIS) measure-
ments were performed with an Autolab PGSTAT 302 N
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potentiostat/galvanostat in the frequency range from 10" to
10° Hz and amplitude potential of 5 mV. The round sample
was pressed in between two well-polished stainless-steel elec-
trodes of 1.2 cm of diameter, which were embedded in a cy-
lindrical Teflon® holder. Measurements were taken at 25, 30,
40, 50, 60, 70, and 80 °C in a temperature-controlled home-
made furnace equipped with a thermocouple connected to the
stainless-steel electrode that allowed a direct reading of the
system temperature through the software.

X-ray diffractograms were collected with a Rigaku, model
ULTIMA 1V diffractometer, containing a CuK« radiation
source (A=1.5418 A) and Bragg-Brentano geometry. The
measurements were performed with a tube potential of
30 kV and current of 30 mA, scanning angle (20) variation
from 10 to 80°, at room temperature. The morphological char-
acterizations were performed using atomic force microscopy
(AFM), with an Agilent Technologies model 5500 apparatus,
and scanning electron microscopy (SEM), with a JEOL model
JSM-6610LV microscope. The AFM images were taken by
scanning 5 x 5 pum?® samples’ area. For the SEM analyses,
films were previously dried at 50 °C and attached to the sam-
ple aluminum holder, with a carbon adhesive tape, and cov-
ered with gold. The beam current was 1 pA and the beam
power was 10 kV. The images were registered at 1000x am-
plification. Thermogravimetric (TG) analyses were carried out
with a TA Instruments SDT Q600. Twelve milligrams of the
sample was heated from 25 to 550 °C at 10 °C min” ' under a
dynamic N, flux of 100 mL min™'. The UV-Vis spectra were
registered with an Agilent Technologies Cary model 100 spec-
trophotometer in the wavelength range from 400 to 800 nm.

Results and discussions
Electrochemical impedance spectroscopy

The EIS analyses were aimed at determining the sample with
highest ionic conductivity at ambient temperature, which
depended on LiClO,4 concentration. The measurements were
performed in triplicate and Eq. 1 [24] was used to calculate the
mean ionic conductivity for the samples with different mass
percentages (Wt%) of LiClO,.

L

RS (1)

o=
where o is the ionic conductivity; Rp is the disruption resis-
tance, which was determined by the intersection of the semi-
circle with the real axis (Z") of the Nyquist graph; L is the
polymer electrolyte thickness measured with a digital Gauge
meter; and S is the superficial area of the sample.

Figure 1 shows that the conductivity increases from 4.4 x
10°S cm™! for the sample PVA/GAg to 1.6 x 10 * S cm ! for
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Fig. 1 Log of conductivity as a function of LiClO4 concentration in the
samples PVA/GA/LiClO4

PVA/GA,.4, and then decreases to 6.1 x 107> S cm™ ' for the
sample PVA/GA,g. Therefore, PVA/GA samples behaved
similarly to other SPE samples, i.e., their conductivity in-
creased with salt concentration until an optimum value, after
which it decreased [9]. The increase in ionic conductivity with
the salt concentration in poly(vinyl alcohol)-lithium
perchlorate-titanium oxide samples was attributed to an in-
creased quantity of charge carriers [25]. At high salt concen-
trations, the ionic conductivity decreases owing to the salt
saturation principle and crystallization. According to Fig. 1,

the PVA/GA,4 electrolyte had the highest ionic conductivity
(1.6x 10* S cm™ ") at room temperature. This conductivity is
similar to the values for a starch-based electrolyte (4.9 x

10 S cm™") [26] or agar doped with acetic acid SPE (1.1 x

10 S cm™"). However, it is one magnitude higher than the
1.1x107° S em™" for agar-ionic liquid [27] or the 7.9 x

107 S ecm ! for the xanthan gum-acetic acid SPEs [28], and
two orders of magnitude higher than the 1.43 x 10 ®Scem ' of
pectin-ionic liquid polymer electrolyte [29].

Measurements at different temperatures were performed to
identify the possible ionic conductivity mechanism in PVA/
GA. Figure 2 shows semicircles and spike straight lines in the
Nyquist graphs for the samples containing 0, 4, 24, and 48 wt%
of LiClOy4, measured from room temperature to 80 °C. The
intersection of those semicircles and straight lines with the real
impedance (Z') axis gives the sample resistance to calculate ionic
conductivity. With increasing temperatures, the intersection
points shifted to lower real impedance values, which means that
the resistance tends to decrease with an increase in temperature.

The increase in ionic conductivity with the temperature is
better illustrated in Fig. 3 in which the logarithm of the con-
ductivity is plotted against the inverse of the temperature
(K™1). The ionic conductivity values are listed in Table 1.
The linear relation observed indicates an Arrhenius conduc-
tion mechanism expressed in Eq. 2 [4, 17], where ion move-
ment occurs via jumps between adjacent solvation sites.

o = A exp(—Ea/RT) (2)
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Table1  Conductivity, at 25 and 80 °C, activation energy (E«) and pre-
exponential (A) values for PVA/GA samples with 0, 4, 24, and 48 wt% of
LiClO,4

Sample Conductivity (S cm™") Ea (kJ mol ") A

25 °C 80 °C
PVA/GA,  54x10°  43x107° 307 1.60
PVA/GA,  29x107°  12x10% 211 0.14
PVA/GA,,  1.6x10% 86x10% 263 6.06
PVA/GA,s  47x10°  54x10% 364 105.60

where £, is the activation energy, A is the pre-exponential factor
and R is the universal gas constant (8.31441 J mol ' K™

The linear correlation between ionic conductivity and tem-
perature is usually interpreted in terms of the Grotthuss mech-
anism [30]. However, in chitosan-acetic acid samples, this
behavior resulted from the combination of Grotthuss and
vehicle-type mechanisms [31]. The vehicle-type mechanism
is possible because of the presence of glycerol, which acts as
plasticizer to separate polymeric chains and provide a free
volume for assisted ion movement. On the other hand, form-
aldehyde acts as cross-linker [30], which results in a polymer-
ic network that suppresses chain movements, similarly to
starch-Nal polymer electrolytes [32]. However, there are still
oxygens from hydroxyl groups that can complex Li* and sup-
port ionic movement through the main hopping mechanism
[32]. Overall, the processes involved are jumps between co-
ordination sites, local structural relaxations, and segmental
movements of the complexes formed by the salt and the poly-
meric chain. As the temperature increased, the polymeric
chain acquired faster internal rotations, favoring ionic move-
ment inter- and intra-chain, resulting in the increase of the
polymeric electrolyte conductivity [11]. The activation energy
(E,) could be calculated because the Arrhenius is a first-
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Fig. 3 Log of conductivity as a function of the inverse of temperature for
PVA/GA SPEs with different concentrations of LiClO4
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Fig. 4 UV-Vis spectra of PVA/GA SPEs prepared with different concen-
trations of LiClO,4

degree equation, where the term — E,/2.303R is the angular
coefficient of the straight line fitting the data. The lowest E,, of
21.1 and 26.3 kJ mol ™! were obtained for samples PVA/GA,
and PVA/GA,4, while PVA/GA, and PVA/GA 5 had 30.7 and
36.4 kJ mol ', respectively (Table 1). The increase in ionic
conductivity is associated with a decrease in the energy of
activation, so the ions can jump easily from one solvation site
to another because they have enough thermal energy to over-
come the energy barriers and move [8, 33].

Optical characterization

Transparency may be an important property for SPE applica-
tions, as in transmissive electrochromic windows (ECDs)
where SPE should be transparent in the visible range but not
in the UV to protect from harmful UV rays. Figure 4 shows
that all PVA/GA electrolytes presented an increased transmit-
tance from 0 to around 500 nm. For the sample PVA/GA,, the
transmittance increased from 0 to 74% from 200 to 400 nm
and to 80% from 400 to 633 nm. At 800 nm the transmittance
of this sample was 81%. The transmittance at 633 nm varied
by 16% between PVA/GA, and PVA/GA,g. The samples
PVA/GA, and PVA/GA,4 had 86 and 80% of transparency

Table 2 Transmittance (T) values for PVA/GA samples with different
LiClO4 concentrations

Sample T (%) at 400 nm T (%) at 633 nm
PVA/GA, 86 91
PVA/GA4 79 87
PVA/GA,4 74 80
PVA/GA44 64 74
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Fig. 5 X-ray diffractograms of PVA/GA SPEs containing 0, 4, 24, and
48 wt% of LiClO,

at 633 nm, respectively (Table 2). Therefore, an increase in the
LiClO4 concentration promoted a decrease in transparency
probably because of an increase in the crystalline portion.
Similar results were observed for polymer electrolytes made
of xanthan gum with PVA [22] or agar-acetic acid [8].

around 26 =20°, which corresponds to the plane (001). This
peak shifted to higher 20 with increasing LiClO,4 concentra-
tion owing to a possible extension of the structural plane [32].
For PVA/GA, there was a small shoulder at 26 = 40.7°, which
disappeared when the LiClO,4 concentration increased. This
suggested a predominantly amorphous structure of the sam-
ples. The X-ray diffractogram for PVA/GA 4 exhibited some
new narrow crystalline peaks at 20 = 22, 24.7, 25.7, and 27.4°.
Similarly to agar-LiClO,4 polymer electrolytes, these peaks
were probably due to LiClO, crystallization in the matrix of
the polymer electrolyte [9]. Moreover, some peaks assigned to
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Fig. 6 Experimental and fittings of diffractograms of PVA/GA with a 0, b 24, and ¢ 48 wt% of LiClO4
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Fig. 7 AFM images of PVA/GA
polymer electrolytes witha 0, b 4, a
and ¢ 24 wt% of LiClO,4

LiClO4 for PVA/GA4g electrolyte in Fig. 5 are related to a
preferential orientation of crystal growth [34].

The crystallinity of PVA/GA SPEs was obtained by fitting
the X-ray diffractograms using Origin software and
Levenberg-Marquardt gaussian mathematic model [10]. The
degree of crystallinity of PVA/GA-salt phase was estimated
from the ratio of total intensity of Bragg peaks over the total
intensity of the whole spectrum, as shown by Eq. 3 [10, 33].

e 100 (3)

XC (%) = (10+[a)

where X, is the degree of crystallinity, /. is the sum of the areas
under the crystalline peaks, and /,, is the area under the amor-
phous peak. Figure 6 and Table 3 indicate that degree of crys-
tallinity varied only slightly, between 28 and 30%, for the
samples of PVA/GA with 0—48 wt% of LiClO,4. The small
increase in crystallinity upon adding 24 and 48 wt% of salt
may be due complexation of Li* with the oxygens from the
samples’ network as formaldehyde was used in the synthesis

Table 4 Surface

roughness values of Sample Roughness (nm)
PVA/GA with different
LiClO,4 concentrations PVA/GA, 1.23
PVA/GA4 1.09
PVA/GAss 11.8

@ Springer

[30]. Nevertheless, these samples are still considered as pre-
dominantly amorphous.

Topography characterization

Figure 7 shows the 3D AFM image of 5 x 5 um? area of PVA/
GA samples with 0, 4 and 24 wt% of LiClO4. The images
reveal a smooth sample surface, without any cracks or LiClO,
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Fig. 8 TG curves of PVA/GA the SPEs containing different concentra-
tions of LiClOy4
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crystals. The root mean square (RMS) roughness varies from
1.23 to 11.8 nm for the samples of PVA/GA, to PVA/GA,4
(Table 4). The absence of cracks or bubbles was confirmed
with SEM images (not shown here) for PVA/GA with different
LiClOy4 concentrations at 1000x amplification. The images
were similar to each other, with smooth and homogeneous
surfaces [9]. This smooth surface proved a good compatibility
of the two polymers (PVA and GA), plasticizer and salt be-
cause no significant change was noted upon varying the
LiCIO4 concentration.

Thermal characterization

The thermal behavior of SPEs is important for their possible
technological applications [35]. The results of thermogravimet-
ric analysis for PVA/GA SPEs in Fig. 8 show only 2% weight
loss up to 150 °C, followed by an additional 10% loss up to
255, 267 and 276 °C for PVA/GA,, PVA/GA,4, and PVA/
GA g, respectively, probably owing to trapped water or a ran-
dom rupture of polymeric chains. The latter rupture may have
caused release of low molecular mass components that vapor-
ized, leading to the mass loss. Therefore, there was a small
increase in sample stability by adding salt. Also, in Fig. 8 one
notes a more abrupt and continued loss up to 550 °C in two
stages. This weight loss corresponded to about 70% of the
samples’ initial weight and was identified as SPEs degradation.
This process started at slightly higher temperatures for the sam-
ples containing LiClO,4, again pointing to increased thermal
stability when LiClO4 was added. The thermograms are all
similar, which suggests that the salt did not act as a catalyzer
for polymer decomposition [36]. Above 450 °C, the weight
loss was approximately 10% and explained as the polymer
pyrolysis. The ash content at 550 °C was around 8% due to
the products formed by LiClO, oxidation [13].

Significantly for the possible applications, the thermal anal-
ysis indicated that PVA/GA polymer electrolytes are thermally
stable up to 150 °C, which is much more than the 95 °C
considered as the highest working temperature for
electrochromic windows.

Conclusions

Solid polymer electrolytes of PVA/GA with different concen-
trations of LiClO4 were prepared and characterized. The
highest ionic conductivity of 1.6 x 107* S em ™' at 25 °C was
obtained for the electrolyte of PVA/GA with 24 wt% of
LiClOy4. The ionic conductivity increased linearly with the
temperature for all samples, pointing to a conduction via the
Grotthuss mechanism. The activation energy for the best elec-
trolyte PVA/GA,4 was 26.3 kJ mol ™!, The transmittance of
this sample was 80% in the visible region, proving its suitabil-
ity for transmissive electrochromic windows. The X-ray

diffractograms of SPEs evidenced their predominantly amor-
phous character. This was explained in terms of LiClO, satu-
ration, which was added in excessive amounts. The SEM and
AFM micrographs showed homogeneous electrolytes, with-
out any cracks, bubbles, or granules. Finally, the thermal sta-
bility according to TGA analyses pointed to almost no differ-
ence in decomposition temperature that started at about
150 °C for the electrolytes with different LiClO, concentra-
tions. In summary, PVA/GA,, presented satisfying results,
which make them promising electrolytes for electrochromic
devices.
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