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Abstract. Carboxymethyl cellulose (CMC)/ polyvinyl alcohol (PVA) blend (80/20 wt %) as host solid bio-polymer
electrolytes complexed with different weight percentage ratios of NH4;NO; were prepared via solution casting
approach. Impedance spectroscopy was carried out to disclose the electrical response of the CMC/PVA hybrid
electrolytes as a function of various weight percentage of NH,;NO; salt. It is found that the CMC/PVA blend
complexed with 30 wt % of NH4NO; was demonstrated relatively higher room temperature conductivity by the order
of 10 S/cm. The dielectric behaviour has been analyzed via complex permittivity (') and complex modulus (M")
which varies anomalously with percentage of NH;NOj; confirms the non-Debye behaviour. Besides that, the
temperature dependent dc conductivity of polymer electrolyte seems to obey Arrhenius relation, and the activation
energies decrease with an increase in NH4NO;. Thus, confirming their potential as promising candidates of all-solid-
state proton conducting electrolyte in the electrochemical devices.

INTRODUCTION

Progress in the area of green energy storage devices is intimately linked with the

enhancement in the jonic conductivity. Therefore, prior importance is given to the application of bio-material
in the development of polymer hybrid system which aims at environmental benignancy and sustainable sources.
The increasing demand in the application of low cost and eco-friendly material has gained immense significance
such as carboxymethyl cellulose (CMC) [1, 2]. Another abundant of biodegradable polymer including
carrageenan [3, 4], alginate [5, 6], polyhydroxyalkanoate (PHA) [7] and polyvinyl alcohol (PVA) [8, 9] are
commonly used in the preparation of bio-polymer electrolyte system. However, carboxymethyl cellulose
(CMO), the earth abundance material can be regarded as the most outstanding bio-polymer due to its superior
chemical stability, thermostability biodegradability, and biocompatibility [10]. Besides, PVA is also widely used
as a bio-polymer electrolyte due to hydrophilic properties, non-hazardous, biocompatibility and biodegradability
[11]. Therefore, CMC and PVA have potential towards the development of solid bio-polymer hybrid
electrolytes (BHEs).

However, the conductance ability of the solid bio-polymer hybrid electrolyte was relatively lower, thus
enormous effort has been devoted to boost the ionic conductivity [12, 13]. Among these, the doping of acid,
base and salt into a polymer electrolyte system is found to be the simplest approach for the modification of chain
flexibility and polymer-polymer chain interactions [14, 15]. This will improve the segmental motion within the
polymer by creating free volume. Consequently, the ions can migrate more easily which will in turn increase the
ionic conductivity [16]. Ammonium salt (NH,") is considered as a good proton donor in order to develop proton
conduction process [17]. A study on the incorporation of 50 wt % of ammonium thiocyanate (NH4SCN) into
cellulose acetate gives conductivity value of 3.31 x 107 S/em [18]. Another research on blending polyvinyl
alcohol, poly (N-vinyl pyrrolidone and L-Asparagine doped with ammonium bromide (NH4;NO3) which suggest
that the proton conducting polymer blend system has conductivity of 2.34 x 10 S/cm [19]. Another study on
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the proton conducting polymer electrolyte based on potato starch complexed with ammonium iodide (NH,4I)
reported a conductivity value of 2.40 x 10* S/em [20].

Herein, the present work is to report the enhancement in electrical properties of proton conducting polymer
blend system comprising bio-material of CMC blend with PVA and doped by various amount of ionic dopants
namely ammonium nitrate (NH4NO;). In this regard, the proton conducting bio-polymer hybrid electrolytes are
characterized via Electrochemical Impedance Spectroscopy (EIS) for electrical properties. Notably, to date,
there is no report on the application of NH,NO; into the hybrid electrolyte system of CMC/PVA which is
expected to overcome the limitation in conductivity. Indeed, this proton conducting BHEs system holds great
promise in the long perspective of electrochemical device where low cost alternatives and green energy storage
materials are desirable.

METHODS

Carboxymethyl cellulose (CMC)/ polyvinyl alcohol (PVA) hybrid (80/20 wt %) as host solid bio-polymer
electrolytes complexed with different weight percentage ratios of NH4NO; were prepared via solution casting
approach [21]. Various percentage of NH4NOj; as ionic dopants was added into 98 mL of CMC/PVA solution
with the interval of 5 wt %. The solution has been casted into Petri dishes and left to dry in desiccator containing
silica gel to avoid moisture. The composition of the CMC and PVA used is shown in Table 1.

TABLE 1. List of designation of the BHEs with their composition respectively.

Sample Notation NH/NO; (%)

DO 0

D1 5

D2 10
D3 15
D4 20
D5 25
D6 30
D7 35
D8 40

Electrochemical Impedance Analysis (EIS)

A computer-controlled HIOKI 3532-50 LCR Hi-Tester with applied frequency ranges from 50 Hz to 1 MHz
was used to investigate the dielectric characterization of the proton conducting BHEs system from temperature
303 K to 353 K. The sample was cut in circular shape of 2 cm diameter, sandwiched between two stainless steel
electrodes and the measurements were taken in every 10 K interval. The bulk resistance (R,) value was obtained
from the plot of imaginary impedance (Z;) versus real impedance (Z,) enable the calculation of ionic
conductivity,c determined using equation (1) below:

Y (1)
RpA

Where y is a thickness of the sample and 4 (sz) the cross-sectional area of the BHE film.
Complex permittivity (e*)
Complex permittivity is important to explain the mechanism and interactions of ions in the BHESs system [22].
The complex permittivity can be defined as:
& =&t jg 2)
where &, is the dielectric constant (real part of complex permittivity) that define the ability as stored charges in

a material while & is the dielectric loss (imaginary of complex permittivity) that measure the energy loss to
move ions under applied electric field. Both terms can be calculated using equation as follows:
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Complex modulus (M *)

The complex modulus is highlighted as a key tool to provide a prospect in the investigation of relation
process in solid polymer electrolyte [23]. The real modulus, M, and imaginary modulus, M; was calculated using
the equation (5) and (6) respectively:

Er )
M. =
"o(e+¢€P)

i (6)
M =—
ENCEED

RESULTS AND DISCUSSION

Numerous approaches on ionic conductivity enhancement of solid bio-polymer hybrid electrolyte including
doping technique are applied. Un-doped polymer electrolyte usually offers relatively lower conductivity,
making doped polymer electrolyte become more favourable in terms of conductance ability. The conductivity
measurement of CMC/PVA BHE system doped NH4;NO; has been carried out via impedance spectroscopy
where impedance spectrum is beneficial to analyze the microstructural behaviour of the polymer electrolyte
system [24]. Figure 1 corresponds to the conductance plot for all composition of the BHEs system in this work.
The plot elucidates the real part of ac conductivity obtained through the impedance measurement as a function
of frequency [25, 26]. The conductance plot confirms the occurrence of three distinct regions which are the low
frequency spike, medium frequency plateau and spike at higher frequency [27]. The spike observed at low
frequency region for sample D2 until D8 is due to the space charge polarization happen at the electrode-
electrolyte inter-phase. On the other hand, the spike appeared at high frequency is attributed to the bulk
relaxation phenomenon and shown by sample DO and D1 whereas the plateau region is the frequency
independent connected with the dec conductivity of the BHESs [28].

The plot ionic conductivity dependency on the NH4NO; salt concentration for different composition is
presented in Figure 2. Salt NH,NO; was incorporated to the blend electrolyte in order to supply the charge (H")
carriers for the conduction enhancement [29]. The result of this work show good correlation where conductivity
increases from 9.12 x 10 S/cm to 1.70 x 107 when 30 wt. % of NH4NO; was added. The increment is
predominantly governed by the presence of free NH,' that is interacted with the polar group of the host hybrid
polymer, CMC/PVA. Afterwards, addition of NH4NO; above 30 wt. % causes the conductivity to drop which
can ascribed to the overcrowded or saturated of ions which leads to salt aggregation and decreasing the ion
mobility [30, 31].
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FIGURE 1. Cole-Cole plot for all compositions of FIGURE 2. Conductivity value of CMC/PVA doped
CMC/PVA-NH4NO; BHEs system. NH4NOj; at ambient temperature.

Figure 3 shows the temperature dependence ionic conductivity for all composition of the BHEs system.
Noted from the figure, the linear variation of the reciprocal temperature (1000/T) against log conductivity
reveals the BHEs system in this work has R’ closed to unity (R°~1). Therefore, the system is said to be thermally
activated based on Arrhenius behavior and in accordance to the following equation;

(=Eq) (7
0 = 0gexp kT

where o is the conductivity, o is pre-exponential factor, E, is activation energy and k is Boltzmann constant.
Further analysis on activation energy can be calculated from the Arrhenius plot and presented in Figure 4. The
activation energy can be determined from the slope of the Arrhenius plot and is found to be 0.086 eV for the
highest conducting BHEs system [32]. It is well known that, as the activation energy decreases, the energy
barrier for the ion to transport also decreases and hence increases the conductivity [33]. Besides, a decrease in
activation energy in blend electrolyte system is due to shorter transit sites contributed by PVA [34].

Ironically, polar compounds able to exhibit the dielectric dispersion properties when applied under certain
range of electric field [35]. The dielectric behavior of the BHEs system brings important insights into the
amount of charge stored in a material. Figure 5 (a) and (b) depicts the dielectric constant (&) and dielectric loss
(&) for various composition of NH4NOs. Effect of electrode polarization and space charge and causes both ¢,
and & to increase sharply at lower frequency. It is observed that the highest ¢ and & are given by the highest
conducting BHEs system containing 30 wt. % of NH,NOs;which implies on increment of charge accumulation
that leads to the increment of the equivalent capacitance [36, 37]. The dielectric plots indicates that there is no
appreciable relaxation peaks can observed in the frequency regime employed in the present work, and
confirming the non-Debye nature.
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FIGURE 5(a). Dielectric constant for all composition of
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FIGURE 4. Activation energy of CMC/PVA-NH,NO;
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FIGURE 5(b). Dielectric loss for all composition of

CMC/PVA-NH,;NO; BHEs system.

The dielectric moduli of real modulus (#/,) and imaginary modulus (#4;) are shown in figure 6(a) and (b)
respectively. Both M, and M, plots show a plateau or approaches to zero at lower frequency and start to increase
at higher frequency. At low frequency, both M, and M; almost approaching zero for all composition ascribed by
the high capacitance triggered by the electrode polarization, and this result is similar with previous researcher

[38].

There is no appearance of peak in the M, and M; plot which could be due phenomenon where the real part of
complex modulus (M") resembles of the real part of complex permittivity (&) [23]. Upon the addition of
NH4NO; conductivity increases attributed to the short range movement of charge carriers and causes lower peak
or plateau at higher frequency indicated shorter relaxation time.
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FIGURE 6(a). Real modulus for all composition of FIGURE 6(b). Imaginary modulus for all composition of
CMC/PVA-NH,NO; BHEs system. CMC/PVA-NH,NO; BHEs system.
CONCLUSION

Solid bio-polymer electrolyte CMC/PV A doped NH4NO; was exposed to 50 Hz until 1 MHz of electric field

at elevated temperature 303 K to 353 K. This study shows that:

e The modification of the BHEs using NH,NO; able to increase the conductivity from ~10° to ~107

S/em. The enhancement of ionic conductivity ascribed to the movement of charges (H') carrier

provided by the NH," salt.

Variation in ionic conductivity as a function of temperature exhibits Arrhenius law.

The result of activation energy is found to be inversely related to the conductivity.

The conductivity and dielectric constant pursue parallel trend with increasing NH4NO;3 composition.

The dielectric and modulus formalism confirmed the non-Debye nature of the BHEs system in this

work.

e The BHEs system study in this work can be improvised by the addition of plasticizer to assist the
solvation of the salt.
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