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Abstract

Solid polymer electrolytes (SPEs) based on plasticized sodium carboxymethyl cellulose/
polyethylene oxide (CMC/PEO) were successfully prepared using solution casting method.
The prepared SPEs were investigated using different spectroscopic techniques. Ultraviolet—
Visible absorption spectra (UV—Vis) revealed that changing PEO content in the polymer
matrix causes the optical band gap energy to change and decrease. These changes indi-
cate that there is a transfer of charge carriers within the polymer matrix. The variations
occurring in the major structural units within the prepared CMC/PEO SPEs are retraced
using Fourier transform infrared spectroscopy (FTIR). FTIR results revealed that the poly-
meric materials suffer changes in their chemical structures and that complexation occurred
between the individual polymers due to blending. Correlation between UV-Vis optical
band gap and FTIR outcomes is established. Electrical impedance spectroscopy (EIS) was
used to study the conduction mechanism for the prepared SPEs. Impedance results showed
that the CMC/PEO sample with blending ratio of 80/20 wt% (sample named B2) pos-
sesses the highest ionic conductivity of 1.18E—06 S/cm and the lowest activation energy of
approximately 0.67 eV at ambient temperature.
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1 Introduction

Blending of polymers is considered as the most important process for creating new elec-
tric materials as it can increase the amorphous fractions in the polymeric materials. Also,
blending can be used to develop materials with a massive new property to be used as
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polymer electrolytes (Selvasekarapandian et al. 2006; Kumar et al. 2014). Blending of
polymeric materials became a costless, simple, easy, and non-toxic method for polymer
preparation to compensate the industrial needs (Mishra et al. 2018a, b; Choudhary 2018).
In the fields of material science, physics and chemistry, blending process is considered as a
promising method for preparation of polymers especially in capacitors, solar cells, batteries
and fuel cells based on the study of their optical and electrical properties (Ngai et al. 2016;
Li et al. 2017; Mohan et al. 2007; Meyer 1998). Based on the literature, by changing the
way of polymer blending, miscibility degree and the ratio of the compositions, the proper-
ties of the outcomes of blending polymers can be varied (Rajah et al. 2019; Kayyarapu and
Chekuri 2018).

The first synthetic polymer used as a polymer electrolyte is polyethylene oxide (PEO).
PEO is a semi-crystalline linear chain polymer and has a lot of features as being a non-
toxic, thermally stable, flexible, hydrophilic, and cost-effective polymer (Choudhary 2016;
Morsi et al. 2018). Despite all these advantages of PEO, it possesses a poor ionic conduc-
tivity due to its high crystallinity and therefore it is impossible for it to achieve a high DC
conductivity. The poor ionic conductivity of PEO can be enhanced with the addition of
plasticizer, acid, salt, another conductive polymer or increasing temperature (Li et al. 2017;
Dabbak et al. 2018; Armand 1986; Nasution et al. 2017). However, it is well known that
PEO is the best polymeric material suitable for electrolytes based on solid polymers (Sriv-
astava and Tiwari 2009). Abdulrazak (2018), prepared a polymer blend from PEO/PVP and
the results indicated that the optical band gap is influenced strongly by the incorporation of
silver nanoparticles.

Therefore, sodium carboxymethyl cellulose (CMC) is chosen here to form a blend with
PEO to increase the amorphous fractions within PEO as CMC is a semi-crystalline poly-
mer (Brako et al. 2015). As these two polymers have a common solvent (water), a strong
interaction between CMC and PEO takes place via the ether (-O-) group of PEO and both
carboxylic and hydroxyl groups of CMC (Choudhary 2018; dabbed, Dabbak et al. 2018;
El-Sayed et al. 2011; Gupta et al. 2013). CMC is a natural, polysaccharide, organic and
nontoxic polymer (Kargarzadeh et al. 2012). Also, CMC participates in many industrial
applications like food, paper, paints, cosmetics, and pharmaceuticals (El-Bana et al. 2018;
Morsi et al. 2018, 2019).

The aim of the present study is to introduce a new solid polymer electrolyte based
on plasticized CMC/PEO blends. By controlling the crystalline regions of PEO and the
amorphous ones of CMC, new compositions of CMC/PEQ suitable for optoelectronic and
photonic devices can be obtained. The major aim of the present work is also to study the
optical properties and the electrets resulting from the blending process. For accurate deter-
mination of the transition type of electrons, studying the optical dielectric loss is employed.

2 Experimental

2.1 Materials

CMC with average molecular weight of 2.5 x 10° g/mol is purchased from K. Patel Chemo-
pharma PVT, India. PEO with average molecular weight of 4 x 10* g/mol was acquired

from ACROS, New Jersey, USA. All the studied solid polymer electrolytes are prepared
using distilled water as a common solvent.
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2.2 Preparation of CMC/PEO SPEs

SPEs based on CMC/PEO were prepared using solution casting technique. 2 gm of CMC
were dissolved in 150 ml distilled water in one beaker and stirred using a magnetic stirrer
for 8 h until complete mixing. While 2 gm from PEO were dissolved in 100 ml distilled
water separately and stirred for 2 h. After complete mixing of both solutions separately,
SPE films were prepared by mixing different concentrations of CMC/PEO following the
sequence of 90/10, 80/20, 70/30 and 60/40 respectively, and stirred for additional 6 h. Con-
stant amount of glycerol (40 wt% based on literature) was added to each sample to enhance
the mechanical properties of CMC/PEO films. All SPEs were prepared at room temper-
ature as presented in Table 1. Finally, the clear viscous solutions of blended CMC/PEO
were put in glass petri dishes and left to dry in air for approximately 5 days.

2.3 Measurements

The prepared SPEs of CMC/PEO blends were characterized using UV-Vis. absorption
spectroscopy using a double beam spectrophotometer, JASCO model V-670 in the spectral
regions of UV—Vis-NIR, at Spectroscopy Department, National Research Centre (NRC),
Cairo, Egypt. Attenuated total reflection (ATR) FTIR spectra of CMC, PEO and CMC/
PEO were obtained using Vertex 70 FTIR spectrometer from Bruker Optic GmbH, Ger-
many, equipped with diamond ATR crystal system in the spectral range of 4000—400 cm™!
with the resolution of 4 cm™', at Spectroscopy Department, NRC, Cairo, Egypt. The AC
conductivity of CMC/PEO blends were measured in the frequency range of 50 Hz-5 MHz
at several temperatures from 298 K to 388 K using HIOKI 3532-50 LCR Hi-Tester bridge
at Building Physics and Environment Institute, Housing & Building National Research
Center (HBRC), Dokki, Giza, Egypt.

3 Results and discussion
3.1 UV-Visresults
3.1.1 UV-Vis absorption spectra analysis

Studying the absorption spectra of organic polymers optically gives information about the
band structure of such materials. Figure 1 presents the absorption UV-Vis spectra of pure

Table 1 Abbreviation of each blended sample with the content of both CMC and PEO

Sample Water (ml) Plasticizer (Glycerol) CMC (wt %) PEO (wt %)
CMC 150 (40 wt%) 100 0
Bl - (40 wt%) 90 10
B2 - (40 wt%) 80 20
B3 - (40 wt%) 70 30
B4 - (40 wt%) 60 40
PEO 100 (40 wt%) 0 100

@ Springer



3 Page4of15 R.Badry et al.
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CMC, pure PEO and CMC blended with PEO in the wavelength range 200 to 1000 nm.
Optical characterization of all samples is collected by the main observed absorption edge/
shoulder that undergoes shift towards the lower energy range due to blending. The edge red
shift, presented in the figure, refers to the complexation occurred between the individual
polymers due to blending. Also, the shift may be attributed to the changes that occurred
in the degree of amorphousity/crystallinity upon blending (Sengwa and Choudhary 2017;
Sharma et al. 2013; Kumar 2014).

As depicted in the figure, PEO has an absorption peak at approximately 272 nm which
may be due to T1— 7* transition. This absorption peak is disappeared with the substitution
of different amounts of CMC. Moreover, it is clear from the figure that the absorbance of
CMC film is changed slightly with the addition of PEO. However, it is noticed also that the
absorbance of blended CMC/PEO decreased with decreasing the energy of the incident
photons.

3.1.2 Optical energy band gap determination (E)

As CMC and PEO are semi-crystalline polymers, which means that they can be classi-
fied as direct band gap semi-conductors or indirect band gap semi-conductors. Direct band
gap semi-conductors have the valence band top correspond to the conduction band bottom
which means that direct band gap materials have the same wave vector. However, indirect
band gap semi-conductors do not possess the same wave vector as the bands do not corre-
spond to each other (Davis and Mott 1970; Dabbak et al. 2018).

Davis and Mott reported that both direct and indirect transitions of electrons take place
near the edge of the fundamental band of absorption. The two types of transitions can be
observed by drawing (ahv)® and (ahv)'? as a function of photon energy by extrapolating
the straight line of each curve to the X-axis. This extrapolation method for the calculation
of the energy gap is widely and effectively used for both polymeric and inorganic materials
(Figa et al. 2009, 2019; Kuly et al. 2013). However, for the studied polymers, it is stated
that the electrons follow indirect allowed transition between the valence and conduction
bands (Chahal et al. 2012; Ling et al. 2016; Mott 1970).
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Accordingly, the variation of (ahv)/? with the incident energy is presented in Fig. 2.
The figure shows that the blended samples possess two band gaps. Badry et al. 2020
determined the optical band gap energy of pure CMC and it is concluded that CMC pos-
sesses three band gaps which are 1.52, 3.24 and 4.7 eV.

Using the model proposed by both Davis and Mott, the transition type and the energy
gap values are determined using the following equations (Davis and Mott 1970):
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Fig.2 Indirect allowed transitions (ahv)? versus photon energy (hv) for pure CMC, pure PEO and CMC
blended with PEO at different ratios as (90:10, 80:20, 70:30 and 60:40)

@ Springer



3 Page6of15 R.Badry et al.

((Xhl))2 =B(hv - E,, For direct allowed transitions

(ochv)'/?> = B(hv — E

i) For indirect allowed transitions

where ho is the photon energy, E, is the optical energy gap and « is the absorption coef-
ficient (Fartode et al. 2015). Beer-Lambert law stated that the coefficient of absorption (o)
can be determined using the following relation:

a=2303(A/L) (1)

where o is the absorption coefficient, A is the sample absorbance and L is the thickness
of the SPE films (Sengwa and Choudhary 2017; Dabbak et al. 2018;).The optical energy
gaps for the prepared SPEs based on CMC/PEO are presented in Table 2. As presented in
the table, the PEO band gap underwent a sharp increase giving the values of 2.23, 1.8, 1.9
and 1.95 eV for B1, B2, B3 and B4, respectively. Meanwhile, the second edge for optical
absorption gave another gap at 4, 3.82, 3.99 and 3.84 eV for samples B1, B2, B3 and B4,
respectively. This decrease in the band gap values of pure CMC and those of pure PEO
upon blending indicates that the amorphous regions are increased, and that the optical con-
ductivity was also enhanced.

A resultant influence has been observed on the optical band gap of CMC/PEO SPEs
by PEO increment into the plasticized CMC. PEO caused the formation of some defects
in the plasticized films, as shown in Fig. 2, for indirect allowed transitions, where local-
ized levels are created within the SPE optical band gap due to the formation of defects.
The density of such levels is proportional to the concentration of the defects within the
prepared SPEs (Mott 1970; Murri et al. 1992; Samsudin and Isa 2012; Masoud et al. 2013).
The blending process may cause overlapping of these localized levels. This overlap con-
firms the decrease in the optical energy band gap by increasing PEO concentration in the
polymer matrix as presented by Badry et al. 2020 and Zhu et al. 2014. Additionally, it is
reported that this reduction in the optical band gap values can be proven by the increase
occurring in the degree of amorphousity (Murri et al. 1992; Samsudin and Isa 2012). The
changes occurring in the values of the optical energy band gaps may be attributed to the
chemical bonds formed between the CMC chain and PEO chain. This change in the optical
energy gaps means that CMC/PEO SPEs became more sensitive and can be used in sensing
devices as a membrane material.

3.2 FTIRresults

Complexation between the individual polymers upon blending can be confirmed by FTIR
spectroscopy. Figure 3 presents the FTIR spectra of pristine PEO. The FTIR absorption
spectra of all the blended samples are presented in Fig. 4 in the same spectral region. The

Table 2 Indirect band gap

energies of pure PEO and CMC Sample Erew Erev)

blended with PEO as (90:

80:20, 70:30 and 60:4(09)0 0 PEO 1.54 .07
B1 2.23 4
B2 1.8 3.82
B3 1.9 3.99
B4 1.95 3.84
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assignment for all absorption bands of pure PEO and those of all blended samples, based
on the position of the characteristic bands, are presented in Tables 3 and 4 respectively
(Sengwa et al. 2010; Ling et al. 2016).

FTIR spectra of CMC are compatible with those announced previously (Badry et al.
2020). For the FTIR spectra of pristine polymers, the presence of C=0 and O-H group
in CMC and the ether group (C—O-C) in the highly negative PEO enables them to have a
strong tendency to form hydrogen bonds with each other upon blending and are considered
as good acceptors for protons due to the presence of such functional groups in their struc-
tures (Fartode et al. 2015; Gupta et al. 2013; Kumar et al. 2016).

The absorption spectra of all prepared SPEs based on CMC/PEO blends show the
major functional groups of both CMC and PEO such as O-H stretching, C-H asym-
metrical stretching of CH; and COO™ stretching for CMC, and it is observed that
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Table 3 FTIR assignment of

pure PEO Wavenumber (cm') Assignment
2879 C-H symmetrical stretching of CH;
2694 Asymmetric C-H stretching of CH,
1961 C-H asymmetrical stretching of CH,
1466 C-H bending of CH,
1359 C-H bending of CH;
1279 C-0 asymmetric stretching
1241 C-0O symmetric stretching
1146 —C-0-C- asymmetric stretching
1096 —C-0-C- symmetric stretching
1059 CH-O-CH, stretching
960 CH, asymmetric rocking
841 CH, symmetric rocking

Table 4 FTIR assignment of CMC blended with PEO as (90:10, 80:20, 70:30 and 60:40)

B1 B2 B3 B4 Assignment

Wavenumber (cm')

3329 3342 3347 3363 OH stretching

2883 2884 2883 2883 CH symmetric stretching of CH;
1592 1593 1594 1596 COO stretching of carboxylic group of CMCs
1465 1465 1465 1465 CH, bending of PEO

1414 1414 1414 1414 CH, bending of CMC

1360 1360 1359 1359 CH; bending of PEO

1341 1341 1341 1341 CH, asymmetric wagging [new]
1321 1321 1321 1321 OH, bending of CMC

1279 1279 1279 1279 C-0 asymmetric stretching of PEO
1241 1241 1241 1241 C-0O symmetric stretching of PEO
1146 1147 1147 1146 —C—O-C- asymmetric stretching
1105 1104 1103 1100 —C-O-C- symmetric Stretching
1057 1058 1050 1059 CH-O-CH, stretching

961 961 960 960 CH, asymmetric rocking

842 842 842 842 CH, symmetric rocking

by decreasing the CMC content in the blended films, the intensity of such bands
(3285 cm™!, 1589 cm™', 1414 cm™' and 1321 cm™') decreased. While for PEO, C-H
symmetrical and C-H asymmetrical stretching are observed at 2879 cm™' and 2694 cm™!
respectively. However, the bands at 1961 cm™!, 1466 cm™! and 1359 cm™! are attrib-
uted to C-H bending vibrations, the bands at 1279 cm™" and 1241 cm™! are correspond-
ing to C-O stretching vibrations (the region of 1200-1300 cm™! is mostly due to C-O
stretching), and finally -C-O-C- asymmetric and symmetric stretching are observed at
960 cm™!, and 841 cm™! respectively. Also, the absorption of these bands was found to
increase with increasing PEO concentration in the prepared films.
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Furthermore, the effect of blending can be observed from the decrease or increase in
the intensity of absorption bands, band broadening and band shift to higher wavenumbers
which refer to that a complex interaction between COO and OH of CMC and the oxy-
gen atoms of PEO has occurred. Also, there is a new band observed at 1341 cm~! in the
blended samples which is attributed to the CH2 asymmetric wagging.

3.3 ElSresults
3.3.1 Conductivity results

As mentioned previously, the AC conductivity is a function of polymer concentration, tem-
perature and type of charge carriers and can be calculated using the following equation:

o = t/RyA )

Where t is the SPE thickness (cm); A is the contact area (cm?) and R, is the bulk resistance
(Tang et al. 2010; Pagot et al. 2018). Figure 5-a presents the variation of AC conductivity
of plasticized CMC/PEO blends with PEO percentage. The figure showed that by blending
of 10 wt% PEO with 90 wt% CMC, the conductivity of pristine CMC increased slightly.
However, at higher blending ratios the conductivity is increased to 1.18E —06 S/cm and is
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decreased at higher than 20 wt% PEO as presented in Table 4. As large number of protons
are provided due to the high degree of dissociation of atoms, and as the amorphousness
of prepared films are increased, the conductivity increases. Additionally, decreasing the
degree of crystallinity reduces the barrier for the transportation of ions and, hence, the
ions transfer rapidly. Accordingly, sample B2 is inferred that it contains a large amorphous
fraction.

The dependence of AC conductivity on the blending ratio of polymers gives pre-
dictions about the interaction that occurred between CMC, PEO and plasticizer. The
observed increase in the conductivity may be attributed to the dissociation of ions which
causes the charge carriers’ number and mobility to be increased and refers to the strong
interaction between the constituent polymers.

3.3.2 Temperature dependence of AC conductivity

Dependence of AC conductivity upon temperature has been evaluated to study the
mechanism of conduction in the prepared SPEs and to depict the behavior of ions upon
heating. The plot of Log o against 1000/T for the CMC/PEO SPEs, as shown in Fig. 6,
confirms that SPE conductivity is directly proportional to the operating temperature.
The reason for increasing conductivity with temperature is attributed to the increase
in the free volume through the backbone of the polymer matrix and, hence, the vibra-
tional motion increases. Accordingly, augmentation of mobility and, hence, conductiv-
ity happens.

50}k v —=— Pure CMC —@— Pure PEO Bl
: Ty wB2 B3 < B4
5 5 I\.\\\
5. . e
—_ L] \. V\
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Fig.6 Temperature dependence of AC conductivity for pure CMC, pure PEO and CMC/PEO blends as
(90:10, 80:20, 70:30 and 60:40)
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3.3.3 Activation energy

The activation energy A E is defined as the lowest energy required for charge carrier move-
ment between the valence band and the conduction band which can be calculated using the
Arrhenius equation:

_AE
6, =0, H 3)

where o, is the pre-exponential factor, K is the Boltzmann constant, AE is the activation
energy and T is the absolute temperature (Chai and Isa 2015, 2016).

The values of AE are tabulated in Table 4 and are calculated via the slope of the linear
portion of Log ¢ with 1000/T plot. The variation of AE with PEO concentration in the
blend matrix is presented in Fig. 5b which indicated that sample B2 possesses the high-
est AC conductivity and the lowest AE (approximately 0.67 eV for sample B2) values in
comparison with other CMC/PEO blending ratios and these results are confirmed by opti-
cal band gaps and FTIR results. The decrease in the activation energy values confirms that
the amorphous fractions within the polymer blend matrix are enhanced. As proven earlier
(Biswal and Singh 2004), it has been found that the low activation energy values proven
that the nature of the prepared solid polymer electrolytes is completely amorphous.

3.3.4 Dielectric properties

Studying the dielectric properties is very efficient in studying polymeric materials as it
confirms the electrical conductivity results. As CMC and PEO are dielectric materials,
which means that they are capable of energy storage, measurement of dielectric constant
and dielectric loss is very important for such materials. The dielectric constant measures
the amount of energy that is stored in the material, while the dielectric loss measures the
energy lost. Measuring the capacitance of the CMC/PEO SPEs facilitates the determina-
tion of both dielectric constant and dielectric loss. Both dielectric constant and dielectric
loss are calculated using the following equations:

¢ =CdfeA @)

e =o/e,0 (&)

where C is the capacitance of the SPEs under study, d is the thickness of the sample, €,
is the permittivity of free space, A is the cross-sectional area of the sample, and o is the
angular frequency (o =2xf) (Eisa et al. 2011; Tang et al. 2010).

Figures 7 and 8 present the variation of dielectric constant and dielectric loss with fre-
quency for the prepared SPEs at ambient temperature. The dielectric constant and dielec-
tric loss values are high, medium, and very low in the low, moderate, and high frequency
ranges, respectively. The reason for the large values of both quantities in the low frequency
region can be due to the reformation of space charges at the interface between the elec-
trode and electrolyte which prevents the charge transfer. This indicated that at low frequen-
cies both electrode and space charge polarization take place. The figure shows that with
increasing the frequency, both dielectric constant and loss are decreased continuously until
reaching a constant value at about 10® MHz. At a frequency between 1 and 10 kHz, both
quantities decreased rabidly as the charge carriers in the SPEs do not have enough time to
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Fig.7 Variation of dielectric constant with frequency for pure CMC, pure PEO and CMC/PEO blends as
(90:10, 80:20, 70:30 and 60:40)
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Fig.8 Variation of dielectric loss with frequency for pure CMC, pure PEO and CMC/PEO blends as
(90:10, 80:20, 70:30 and 60:40)

align themselves in the same direction of the applied field. Therefore, the charges hardly
orient themselves due to the rapid reversals of the applied field (Table 5).

Additionally, the figures indicated that the two quantities are functions of blending ratio,
where the value of dielectric constant of sample B2 is higher than that of pure PEO but is
close to that of pure CMC at low frequencies. However, at lower or higher than 20 wt%
PEO, dielectric constant decreased. This increase in the dielectric constant values con-
firms that the conductivity is enhanced. On the other hand, for dielectric loss and as shown
in Fig. 7, sample B2 has a dielectric loss higher than those of pure CMC, pure PEO and
other blends. In addition to the low cost of CMC and PEO, the obtained results of UV—Vis,
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Table 5 AC conductivity of plasticized: CMC, PEO and CMC blended with PEO as (90:10, 80:20, 70:30
and 60:40) together with the activation energy at room temperature

Sample AC conductivity (S/cm) Activation energy (eV)
Pure CMC 5.89E —07 (Badry et al. 2020) 0.8280 (Badry et al. 2020)
Pure PEO 3.98E-07 0.9957

Bl 4.42E-07 0.8734

B2 1.18E—-06 0.6677

B3 1.32E-07 1.1615

B4 8.41E-08 1.2513

FTIR and EIS confirm that the blending of CMC and PEO leads to the development of a
new type of solid polymer electrolytes that can be used in sensing devices as a membrane
material.

4 Conclusion

To obtain the optimal composition of the prepared SPEs, different concentrations of CMC
and PEO are blended using casting technique. UV—Vis. results indicated that the optical
band gap is affected strongly by blending. The formation of chemical bonds between CMC
and PEO (hydrogen bonding) is proven by FTIR results. The EIS results revealed that the
highest AC conductivity that belongs to sample B2 of (80/20 wt%) measures 1.18E —06 S/
cm and that the conductivity increases with increasing temperature due to increasing the
mobility of the charge carriers. Dielectric study revealed that both dielectric constant and
dielectric loss are decreased with increasing frequency due to the reduction in the number
of dipoles with the reversal of the external field. The minimum activation energy obtained
was that for the sample containing 80/20 wt% of CMC/PEO which refers to the suitability
of this blending ratio to be used as a host polymer matrix in the preparation of SPE. Based
on the UV-Vis, FTIR, conductivity and dielectric properties, SPEs of 80 wt% CMC and
20 wt% PEO can be used for the application in the energy storage and sensing devices.
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