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Abstract. CMC-NH4CH3CO2 complexes were characterized via theoretical and experimental approaches using molecular
dynamics (MD) calculation, Fourier transform infrared spectrometry (FTIR), X-ray diffraction (XRD), and electrical impedance spectroscopy (EIS) analysis. These analyses successfully disclosed the structural and ion conduction properties of
the bio-polymer electrolytes (BPE) system. The FTIR analysis further revealed that an interaction exists between the carboxylate anion group (COO–) from CMC and the H+ substructure of NH4CH3CO2. The ionic conductivity value at ambient
temperature was found to achieve an optimum value of 5.07×10–6 S/cm for a system containing 10 wt% NH4CH3CO2. The
ionic conductivity improvement was demonstrated via the increment on the amorphous phase of the BPEs system as shown
in the XRD analysis upon the inclusion of NH4CH3CO2. Based on the IR-deconvolution approach, the mobility (µ) and diffusion coefficient (D) were found to influence the ionic conductivity and aligned with the theoretical molecular dynamic
(MD) calculation. To evaluate the potential application of the CMC-NH4CH3CO2, an electrical double-layer capacitor
(EDLC) was fabricated from the BPE and tested using cyclic voltammetry (CV), and charge-discharge (GCD) for 300 cycles
and the BPE exhibited a specific of capacitance ~2.4 F/g.
Keywords: biopolymers, theoretical approach, ionic conductivity, transport properties, electrochemical properties

1. Introduction

it into thin films that could deliver high energy density. However, the electrolyte materials are important
components and must be chemically stable under all
operating conditions since the main role of the electrolytes is to transport ions. The vast majority of current research works in electrolytes system have targeted the encompassing of synthetic polymers such
as polyethylene oxide (PEO) [5, 7], polycarbonate
[8], polymethylmethacryalate [9], and polysiloxane

Since Armand [1] discovered that polymers could be
utilized as solid electrolyte systems, solid polymer
electrolytes (SPEs) have played an important role in
its application to electrochemical devices [2–6]. This
is notably due to their unique properties, such as the
capability to accommodate a various range of ionic
dopants, desirable electrode-electrolyte connection,
favorable ionic conductivity, and the ease of forming
*
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[10]. Although synthetic polymers possess excellent
mechanical and conductivity performance, their
preparation involves toxic and volatile organic compounds (VOCs), which may lead to serious environmental issues. Therefore, the search for novel and alternative environmentally friendly host polymers
with better performance as a solid electrolyte system
is still an emerging issue in the field of solid state research.
Among polymers that are derived from natural
sources, various families of natural polymers have
been studied such as chitosan, starch, carrageenan,
pectin, agarose, and cellulose. According to Zainuddin
and Samsudin [6], kappa carrageenan which is a polysaccharide offers relatively higher conductivity within a magnitude of ~10–7 S/cm. Besides, [11] has found
that agarose derived from red seaweed can serve as
a potent BPE candidate, with a much higher conductivity of ~10–4 S/cm. Furthermore, Ramesh et al. [9]
has carried out research on tamarind seed polysaccharide for use as a BPE and found that the conductivity value was 5.48×10–8 S/cm. Another study on
proton-conducting BPE based on pectin has reported
a conductivity value of 2.68×10–9 S/cm [12]. Chitosan was also evaluated as a BPE by Alves et al. [13],
who found that its conductivity was 3.64×10–7 S/cm
at ambient temperature. The authors have indicated
that by an introduction of appropriate ionic dopant,
the conductive nature of the insulating biopolymer
can be improved for potential use in electrochemical
applications.
Many studies have chosen cellulose and its derivative, nanocellulose, as host materials in electrolyte
systems due to its semi-crystalline nature (modification of cellulose) [14, 15]. Cellulose and nanocellulose are claimed to be emerging renewable materials
to replace the use of non-biodegradable petroleumderived materials [16]. Cellulose is abundant in nature as it accounts for one–third of the Earth’s vegetative matter [17], with an estimated worldwide
production of 1010 and 1011 tons per year [18]. The
application of cellulose has received considerable attention in fuel cells [19], biomedical engineering [20],
wastewater treatment of textile industry [21] and food
industry [22]. Figure 1 shows the chemical structure
of cellulose which consists of repeating units of glucose, and it is a linear natural polymer consisting of
1,4-anhydro-D-glucopyranose units [23]. The beneficial properties of cellulose that include biocompatibility, abundance, renewability, biodegradability,

Figure 1. Chemical structure of cellulose [26].

non–abrasive nature in processing, and high specific
mechanical strength amongst others make cellulose
to be one of the most promising candidates for use
in energy storage devices [24, 25].
The present work is an attempt to enhance the electrochemical properties of the carboxymethyl cellulose
(CMC) as it is an excellent candidate for the development of conducting materials as a BPE. Previous
studies have also been conducted by several researchers that revealed the conducting behavior of
the CMC [27–30]. Generally, CMC is a cellulose derivative that has been extensively used in a diverse
array of applications, such as food additives, textiles
fibers, adhesives, paints, pharmaceuticals, cosmetics,
and medical supplies [31]. CMC is a highly watersoluble material made of an anionic polysaccharide
that consists of β-1.4-linked anhydro-D-glucose
units bearing hydroxyl (–OH) and carboxylate
(–COO–) groups. These properties cause CMC to be
an excellent candidate as a biopolymer electrolyte
for applications in energy storage devices. The electrical double-layer capacitor (EDLC) is one of the
alternative energy storage devices which has greater
ability to store large amounts of energy than a regulator capacitor. The function of the EDLC is based
on the movement of ions that is present in the electrolyte when exposed to fixed voltage. Besides, the
mechanism involved in the EDLC is completely
non-faradaic which does not involve any electron exchange [32]. EDLC was also reported to demonstrate
higher power density, higher reversibility and long
life cycle [33].
Much research has been done to convert non-conducting biomaterials into conducting materials with
tailored individual properties well-suited to energy
storage devices. Simple modifications of the CMC
are expected to offer outstanding properties that exhibit good mechanical and thermal integrity, favorable conductivity, superior thermostability (decomposition temperature is up to 250 °C), and also a
wide electrochemical stability window [24, 34–36].
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In the present study, the ion conduction properties of
the CMC-NH4CH3CO2 BPE system, was investigated via theoretical and experimental approaches. It is,
therefore, anticipated that BPEs based on cellulose
derivatives, specifically CMC, could replace commercial synthetic polymers for a more sustainable future.
The results obtained from this analysis were used to
correlate the structural properties and ionic conductivity of the CMC-NH4CH3CO2. The highest conducting BPE was used as the electrolyte in the fabrication of an EDLC for the evaluation of the potential
window of the electrolyte, specific capacitance and
cycle characteristics.

2.2. Characterization of the
CMC-NH4CH3CO2 BPE system
2.2.1. Fourier transform infrared (FTIR)
spectroscopy
The CMC-NH4CH3CO2 BPE complexes were studied using FTIR spectroscopy using a Thermo Nicolet
380 equipped with ATR and Germanium crystal. The
resulting BPEs produced were examined directly
using the Germanium crystal and does not require
any sample preparation. The samples were characterized with a resolution of 2 cm–1 and wavenumber
ranging from 700 to 4000 cm–1. The infrared radiation could induce molecular vibrations, which include bending and stretching at the covalent bonds
particularly [37].

2. Experimental
2.1. Materials and sample preparation
CMC sodium salt (Mw ~ 90 000; Density ~ 1.59:
Acros Organic Co.) and NH4CH3CO2 (Mw ~ 77.08;
Density ~ 1.17: Merck Co.) were obtained. The
CMC-NH4CH3CO2 sample was prepared via the solution casting technique. Firstly, 2 g of CMC was
dissolved into distilled water, and different amounts
in weight percentage (wt%) of NH4CH3CO2 were
added into the CMC solution. The mixtures were
stirred continuously until they were homogenous.
The mixtures were then cast into Petri dishes and
dried in an oven at 60 °C until films formed. Then,
the films were left in desiccators for additional drying. The schematic preparation of sample, sample
designation and physical appearance of the films are
shown in Figure 2.

2.2.2. IR spectra deconvolution
The IR deconvolution was carried out using the Origin Lab 8.0 software via the Gaussian-Lorentz function. Peaks at the selected regions were chosen based
on the complexation revealed by the FTIR analysis.
After the baseline was determined, the IR spectra
were deconvoluted, and the peaks were fitted using
the software to separate regions of free ions and contact ions. From the deconvolution of IR spectra, the
area under the curve corresponds to the area of free
ions and contact ions, which is useful for further calculation. The free ions percentages were calculated
using Equation (1) [38–41]:
A
Free ions = A +f A $ 100%
f
c

Composition of CMC-NH4CH3CO2
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where Af is the area under the curve for free ions,
and Ac is area under the curve that represents the
contact ions. The number (η), mobility (μ) and diffusion coefficient (D) of ions were calculated using
Equations (2)–(4) [41]:
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where Na is Avogadro’s number, M is the number
moles of NH4CH3CO2, VT is the total volume of
CMC-NH4CH3CO2 BPE sample, kB is the Boltzmann constant (1.38×10–23 m2·kg·s–2·K–1), T is the

Figure 2. Schematic diagram of the preparation of CMCNH4CH3CO2 films.
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absolute temperature (303 K) in Kelvin [K] unit, and
q is the electron charge (1.602×10–19 C).

2.2.5. Molecular dynamics (MD) analysis
The VIOVIA Materials Studio 2017 software package (Dassault Systems) was used for the molecular
dynamics (MD) analysis. Before MD calculation, as
components for calculation, the 7-mer of CMC and
NH4CH3CO2 were built and structurally optimized by
DFT calculation using the DMol3 software’s Perdew–
Burke–Ernzerhof (PBE) function. The convergence
threshold for the maximum force and maximum displacement for standard geometry optimization were
set to 0.02 Ha Å–1 and 0.05 Å, respectively. For MD
calculation, four amorphous cells with a different
amount of NH4CH3CO2 were built by the Amorphous Cell module using a COMPASS II force field.
To minimize energy in each system, an NVT ensemble was performed for 100 ps by the Forcite module
using the COMPASS II force field. After annealing
structure, the NVE ensemble was performed for
1000 ps using COMPASS II at 300 K. The mean
square displacements of all ammonium ions were
analyzed as averages by Forcite Analysis.

2.2.3. X-ray diffraction (XRD)
X-ray diffraction (XRD) spectra of the CMCNH4CH3CO2 BPEs system were attained using a
Rigaku MiniFlex II Diffractometer. The prepared
sample was scanned at 2θ angles between 5 and 80°
that was equipped with a CuKα source.
The data analysis was carried out using the Origin
Lab 8.0 software. The area under the peak was identified, and the degree of crystallinity was computed
by using Equation (5) [42]:
A
Xc = A +c A $ 100%
c
a

(5)

where Ac is the area of crystalline part and Aa is the
area of the amorphous region.
2.2.4. Electrical impedance spectroscopy (EIS)
The ionic conductivities of the CMC-NH4CH3CO2
BPEs system were characterized via a HIOKI 353250 LCR Hi-Tester in a frequency range of 50 Hz to
1 MHz at the temperature of 303 K. The electrolytes
were sandwiched between two stainless steel electrodes. Based on the impedance data, the real impedance, Zr, and imaginary impedance, Zi, were calculated by using the Equations (6) and (7):
Zr =

cos R

rp
2

W

-1

k ~p

2.2.6. Transference number measurement
(TNM)
TNM was performed using Wagner’s DC polarization method to prove the ion conduction in the BPEs
system [40, 43]. The DC was monitored as a function of time on the application of a fixed dc voltage
(1.5 V) across the sample mounted between two
stainless steel electrodes.

(6)

and
Zi =

sin R

rp
2

-1

W

k ~p

2.2.7. Voltammetry measurement
Linear sweep voltammetry (LSV) measurements
were performed using a C–H instrument potentiostat
to study the electrochemical stability window of the
electrolytes at room temperature. LSV measurements were carried out at a scan rate of 2 mV·s–1 at
room temperature with the voltage range of 0–3 V.

(7)

The k–1 variable corresponds to the capacitance value
of the CPE element, ω is the angular frequency, and
p is referred to as the deviation of the vertical axis
in the Zr versus Zi plot. By referring to the plot of
imaginary impedance (Zi) versus real impedance
(Zr), the bulk modulus (Rb) can be determined and
further applied in the Equation (8) below for conductivity determination:
y 1
v= R $ A
b

2.2.8. EDLC fabrication and characterization
In order to determine the possibility of applying the
CMC-NH4CH3CO2 BPE in electrochemical devices,
the fabrication of an electrical double-layer capacitor
(EDLC) was carried out. Activated carbon, (Black
Powder, BP20), conductive super powder carbon
black (super P), and polvinylidene fluoride (PVDF)
in the ratio of 80:10:10 were first thoroughly mixed.
Then, the mixture was ground using mortar and

(8)

where Rb is the bulk resistance, A [cm2] is the contact
area, and y is the thickness of BPE samples.
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pestle, and 4.0 ml of N-methyl-2-pyrrolidone (NMP)
was added to obtain a slurry. The slurry was then
spread onto aluminum foil which was used as the
current-collector. The electrode was heated at 100 °C
in a vacuum oven overnight before being used. The
electrode was then cut into circles with size of
1.77 cm2. The BPE with the highest ionic conductivity was sandwiched between two graphite sheet
electrodes and placed inside a coin cell. The fabricated EDLC was then tested for cyclic voltammetry
and charge-discharge measurements. The CVs tested
were measured at different scan rates from 0 to 1 V.
The specific capacitance, Cs of the EDLC was calculated from the CV using the Equation (9) [44]:
V2

Cs =

#
V1

I QV V

2 RV2 - V1 W mv

dV

Figure 3. FTIR spectra of samples (a) 1; (b) 2; (c) 3; (d) 4;
(e) 5 and (f) 6 of CMC-NH4CH3CO2 BPEs system
in the 700 to 1900 cm–1 region.

(9)

where I(V) is current, m is mass of active material,
(V2 – V1) is the potential voltage and v is the applied
scan rate.
The NEWARE galvanostatic charge-discharge (GCD)
software was used to evaluate the electrochemical
performance of the highest conducting BPE in an assembled EDLC cell. Charge – discharge measurement was done using a BTS battery cycler with a
voltage range of 0 to 1 V at a different constant current. The Cs of discharge characteristic, equivalent
series resistance (ESR), coulombic efficiency and ɳ
[%] of the EDLC can be determined using the equations found in the literature [45–48].

Isa [56], further Sohaimy and Isa [57]. However,
further complexity may be observed in the IR spectra based on the addition of various NH4CH3CO2
compositions.
It was noticed that starting from sample 2 , an obvious hump was observed at the 810 cm–1 region that
corresponded to the C–C–N stretching, which confirmed the incorporation of NNH4CH3CO2 [58]. It is
also suggested that complexation of NH4CH3CO2
with CMC had taken place with respect to the bending of the beta-1,4-glucosidic (C–O–C) in CMC due
to the peak shifting from 1063 cm–1 to a lower wavenumber of 1059 cm–1 as reported in the previous literature [40–43]. Complexation of NH4CH3CO2 and
CMC was driven by van der Waals forces due to the
oxygen in the –COC– creating a polarized region
that attracts the H+ from NH4CH3CO2 via dipolesdipoles interaction [59].
In this work, the migration of H+ to COO– is possible. As reported by Ng and Mohamad [81], the most
labile bond of H+ is from the four hydrogen bonds
(NH3–H+) that can easily dissociate and hop from the
coordinating site to other sites on the CMC host
which allows conduction of the electrical field.
These reactions are possible since in the tetrahedral
structure of NH4+, two of the four hydrogen atoms
are bonded identically while the third is bound firmly. In accordance with previous studies, the present
study also demonstrated a similar complexation which
was observed at the 1600 cm–1 region that corresponded to the favorable complexation of CMC and
NH4CH3CO2 that involved the COO- group and H+.

3. Results and discussion
3.1. Bio-polymer complexes analysis
In FTIR analyses, molecular vibrations vary according to the materials used. Different functional groups
are expected to exhibit different vibration modes
with different intensities [49]. In cellulose, stretching
and bending are commonly found in the IR spectra.
Stretching vibration causes the inter-atom distance
along the bond to change whereas bending results in
the change of bond angle [50]. Figure 3 presents the
composition of all samples of BPEs system in the
700 to 1700 cm–1 region. The absorption peaks for
CMC have been reported in previous literature [51–
54]. Four absorption peaks appear at 1597, 1428,
1331, 1063 cm–1, which corresponded to COO– asymmetric, O–H bending, C–H stretching, and C–O–C
bending respectively. These four peaks are characteristic fingerprint bands for pure CMC which was in
agreement with Saadiah et al. [55], Samsudin and
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It was observed that the carboxylate group (–COO–)
at 1597 cm–1 had shifted to a lower wavenumber of
1582 cm–1 with a concomitant decrease in peak intensity after the introduction of NH4CH3CO2 into the
BPEs system. Changes were expected and are believed to occur at 1597 cm–1 due to the interaction
between H+ from NH4+ of NH4CH3CO2 via a hopping mechanism. Apparently, the increment of
NH4CH3CO2 in CMC had resulted in a higher concentration of H+ that was dissociated from NH4+.
Thus, an electrostatic attraction was expected between the H+ and –COO– in the CMC and this was
demonstrated by the shifting in wavenumber and
changes in the peak’s intensity.
It is encouraging to note that the interaction in the
C–O–C mode was smaller in comparison to the
COO– mode as projected by a small shift in the former and a strong absorption mode in the latter as reported by Samsudin et al. [43] and Biswal and Singh
[60]. The result of the present study corroborates
with these earlier reports where the C–O–C region
exerts weaker van der Waals interaction on the H+.
Meanwhile, the NH4CH3CO2 and CMC are believed
to have a stronger interaction between the H+ and the
coordinating site (COO–) group in the CMC as proposed in Figure 4. Thus, we consider the CMC to be
a good host polymer in a polymer electrolytes system due to its good conduction properties since it has
the anionic site (COO–), which is susceptible to the
NH4+ or any cations. These cations can trigger more
interactions to take place; thus it is possible to

enhance the conduction properties. The transporting
of protons in this work could be attributed to the
NH4+ component, either H+, NH3 or NH4+ [61, 62].

3.2. X-ray diffraction analysis
Figure 5a shows the XRD patterns of the CMC
doped with NH4CH3CO2, which gave a broad peak
between the region of 11.04 and 34.20˚. The intensity of this broad peak decreased with the addition
of 5 to 15 wt% of NH4CH3CO2. This might be influenced by the complexation between CMC and
NH4CH3CO2 in the present system as previously discussed in the FTIR analysis. During the process of
protonation and deprotonation of H–+NH4CH3CO2,
the arrangement of the CMC polymer chain became
more disorderly due to the occurrence of complexation. This was attributed to the increase in the amorphous phase which would influence the ionic conductivity of the BPEs system as suggested in the
previous studies conducted by Kamarudin and Isa
[63] and Samsudin et al. [64]. However, upon further
addition of 20 to 25 wt% of NH4CH3CO2, the peaks
became more intensified, suggesting the re-formation
of crystalline structure. This finding is in agreement
with Selvalakshmi et al. [65], who mentioned the reassociation of ammonium salt that leads to significant loss in the number of mobile ions.
The XRD deconvolution technique is adopted to
study the amorphous nature in the BPEs system. The
XRD deconvolution of the CMC-NH4CH3CO2 BPEs
is shown in Figure 5b. As depicted in the figure, the
amorphous peaks are shown by dot-dashed line while
the crystalline peaks are shown by the solid black
line. The results of the deconvolution study were
quite similar to those of previous studies [66, 67].
The degree of crystallinity of BPEs was calculated
by using the Equation (5). From that equation, it was
determined that the degree of crystallinity is inversely proportional to the amorphous value. The amorphous phase is more favorable to the enhancement
of ionic conductivity.
The calculated percentage crystallinity of the CMCNH4CH3CO2 BPEs system is presented in the inset
value in Figure 5b. It can be noted here that the samples with smaller crystallite size and more amorphous behavior exhibited higher ionic conductivity
[68]. It was observed that the addition of 0 to 10 wt%
of NH4CH3CO2 to CMC caused a decrease in the
percentage of crystallinity, which in turn increased

Figure 4. Schematic diagram of CMC having interacted with
NH4CH3CO2 via [NH3–H+].
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Figure 5. XRD analysis of sample (1) 1, (2) 2, (3) 3, (4) 5 and (5) 6 of CMC-NH4CH3CO2 BPEs system (a) XRD spectra
and (b) XRD deconvolution.

the amorphousness of this BPEs system. This increased amorphousness promoted the transportation
of ions and increased the ionic conductivity of the
BPEs system [39]. The FTIR analysis also supported
this observation where the addition of ammonium
salt caused complexation to occur and hence increased the flexibility of the polymer chain’s segmental motion. This is primarily due to the contribution of the increased protonation (H+) in the
amorphous state in the CMC-NH4CH3CO2 BPEs
system. Hence, the sample that contained 10 wt%
was expected to exhibit the highest ionic conductivity
since it had the largest amorphous domain and conversely, lowest crystallinity.

3.3. Ionic conduction analysis
A Nyquist plot of the various samples of the CMCNH4CH3CO2 BPEs system at ambient conditions is
presented in Figure 6. The plot shows an incomplete
or compressed semicircle curve. The semi-circular
curves appeared at a higher frequency (left towards
origin), whereas an inclined straight line to the semicircular curve was located at the lower-frequency region. Previous studies that used impedance analysis
to characterize polymer electrolytes showed that
Nyquist plots containing a semicircle were due to a
parallel combination of bulk resistance, Rb, and bulk
capacitance, Cb, of the present electrolyte system
[69, 70]. However, we noted that the semicircle was

Figure 6. Fitting analysis for sample (a) 1 and (b) 3, of the CMC-NH4CH3CO2 BPEs system.
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In this present work, the inclined straight lines
(spike) to the semicircle which were found in all
samples were mainly attributed to the electrode polarization effect that represents the diffusion activity
[75]. It was shown that the spike for the Nyquist plot
was inclined at an angle lower than 90° with the Zr
axis. This could be due to the inhomogeneous distribution or irregularity of the electrode-electrolyte interface of the BPEs system when NH4CH3CO2 was
added [76]. The spike can be assigned with CPE2,
and the fitted circuit can be described by a parallel
arrangement of Rb and CPE1 together with another
CPE2 in a series, as shown in Figure 7. The impedance of CPE element (ZCPE) can be defined as shown
by Equations (11) and (12) [77]:

reduced, which could be attributed to the complexation that altered the structural properties of the BPEs
as proven by the FTIR and XRD analyses. Notably,
Figure 6b shows a tilted semicircle and inclined spike,
elucidating that the system has experienced an increase of ionic mobility and also number of ion carriers [53].
The physical origin of the CPE was the non-conducting crystalline regions linked with the conducting
amorphous phase within the space in the BPEs system. This was due to the movement of the ions in the
bulk of the sample and also different relaxation times
[71, 72]. The fact that the appearance of the semicircle was placed below the real part (Zr), discloses the
non-Debye behavior of the present sample and the
intercept of the semicircle with the Zr provided the
Rb value which can be calculated by using the Equation (10) [73, 74]:
1
R b = ~C
b

ZCPE =

1
p where 0 ≤ p ≤ 1
k Q j~ V

(11)

or
(10)
ZCPE =

where ω is angular frequency and Cb is bulk capacitance.

k Rcos

pr
2

+ j sin
~p

pr
2

W

Figure 7. Schematic diagram of the electrode-electrolytes interaction of BPEs system and its equivalent circuit.
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The variation in ionic conductivity, σ, with the
NH4CH3CO2 composition of the BPEs system at
room temperature, is illustrated in Figure 8. Based
on the figure, the conductivity of pure CMC was
rather low, which was attributed to the conjugated
double bond at the carboxylate anion in the structure
of the CMC. The presence of this conjugation provides charges through electronic delocalization of
the backbone [80]. In addition, the flexibility of the
polymer backbone is also regarded as another factor
that can improve conductivity. This can be correlated
to the amorphous properties of the CMC which was
discussed previously in the XRD analysis. However,
the ionic conductivity rose with the introduction of
NH4CH3CO2 and achieved the maximum value of
5.07×10–6 S/cm for sample 3 which contained
10 wt% of NH4CH3CO2.
In this present work, the increase in ionic conductivity due to increased wt% of NH4CH3CO2 aligned
with the decrease of the bulk resistance value as observed in the Nyquist plot fitting. This can be linked
to the increasing ionic mobility and the number of
ions of the BPEs system [64, 75]. Moreover, it is also
due to the increasingly amorphous phase of the
CMC-NH4CH3CO2 BPEs system as observed in the
XRD spectra analysis. As the amorphous phase progressively increased, faster segmental motion was
induced in the host polymer and favored inter– or intrachain ion hopping from one site to another site
and affected the ionic conductivity.
Apparently, the addition of 15 wt% until the composition of 25 wt% of NH4CH3CO2, has led to a decrement in ionic conductivity. The addition of
NH4CH3CO2 above the optimum composition
caused a decrease in ionic conductivity due to the

Here ω is angular frequency (ω = 2πf, where f is frequency), k–1 corresponds to the capacitance value of
the CPE element and p is the deviation from the vertical axis in the Zi versus Zr plot. The values of Zi and
Zr associated with the fitted circuit were adopted
from Bandara and Mellander, see Equations (13) and
(14) [78]:
rp

-

Zr =

Rb + R b2 k1 1 ~ p1 cos 2 1
rp
p
p +
1 + 2Rb k1 1 ~ 1 cos 2 1 + R b2 k1 2 ~2 1
rp2

+

cos 2
k2 1 ~p2

(13)
-

Zi =

rp

R b2 k1 1 ~ p1 sin 2 1
rp
p +
1 + 2Rb k1 1 ~p1 cos 2 1 + R b2 k1 2 ~2 1
rp2

+

cos 2
k2 1 ~p2

(14)

It was found that the appearance of the semicircle at
higher frequencies was reduced in the BPEs system
with an increment of up to 10 wt% NH4CH3CO2.
This suggested that only the resistive component of
the BPEs system was shown. With the addition of
higher composition of NH4CH3CO2 (more than
10 wt%), the semicircle re-emerged. The reappearance of the semicircle at the higher NH4CH3CO2
composition was due to the overcrowding of
NH4CH3CO2 that lead to the aggregation of the ions
and decreased the charge carrier process. This caused
the ionic conductivity of the electrolytes system to
be affected as expected.
Table 1 shows the fitting parameters involved in the
equivalent circuit. The parameters attained from the
fitting analysis are comparable to those reported
from other works [75, 79].
The determination of the optimum ionic conductivity
in the present system can be considered as one type
of solid polymer electrolytes (SPEs), where the ionic
conductivity values fell in the range of 10–2 to
10–6 S/cm as reported by other studies [46, 61–65].
Table 1. The parameter of the circuit element for BPEs system at ambient temperature (303 K).
Sample

Rb
[Ω]

p1
[rad]

CPE1
[F]

p2
[rad]

CPE2
[F]

1

152 900

0.880

4.18×10–9

0.770

7.91×10–6

2

2 000

0.790

4.38×10–8

0.621

1.32×10–6

0.825

–8

0.644

5.46×10–5

–8

0.725

1.46×10–6

6.79×10

–8

0.700

3.10×10–6

1.49×10

–8

0.330

–6

3
4
5
6

665
11 550
37 365
52 876

0.850
0.850
0.837

2.52×10

6.70×10

6.90 10

Figure 8. Ionic conductivity against NH4CH3CO2 [wt%] at
room temperature.

627

Rasali et al. – eXPRESS Polymer Letters Vol.14, No.7 (2020) 619–637

bio-polymer host matrix (CMC) becoming saturated,
and subsequently reducing the number of charges,
therefore, limiting its mobility in the BPEs system
[81]. The theoretical impedance analysis also supported the results where the conductivity decreased
with the appearance of the semicircle in the BPEs
system. As the segmental polymer chain becomes
limited, the movement of ions and the conductivity
of the BPEs accordingly become lower.
Table 2 shows a comparison of ionic conductivity
values obtained from the literature for single polymers and polymer blend electrolytes derived from
natural and synthetic polymers. The ionic conductivity for various types of solid polymer electrolytes
that were reported in the literature fell within the
~10–6 to ~10–9 S/cm range. Nevertheless, the optimum
ionic conductivity for the BPEs in the present work
is comparable with those in the literature, even though
it was derived from a single polymer. Consequently,
this result is regarded as a pilot result which offers
greater prospect for the use of CMC doped with
NH4CH3CO2 for the next generation of electrochemical devices.
In this present work, the dependence of ionic conductivity on temperature was analyzed to understand
the conduction mechanism in the CMC-NH4CH3CO2
BPEs system. Figure 9 shows the ionic conductivity
of the CMC-NH4CH3CO2 BPEs system at different
temperatures. The ionic conductivity of the CMCNH4CH3CO2 BPEs increased with increasing temperature where there was no sudden drop in the conductivity value. This indicated that no phase transition occurred in the biopolymer matrix nor domains
formed with the addition of NH4CH3CO2 [82]. As a
result, it was proven that the CMC-NH4CH3CO2
BPEs obeys the Arrhenius rule, i.e., conduction is a

Figure 9. Temperature dependence for CMC-NH4CH3CO2
BPEs system.

thermally activated process as reported by other researchers [64, 66, 83, 84].
Furthermore, a higher temperature provides more
energy to overcome the energy barrier between the
sites during the migration of H+ towards the CMC,
and this can be seen in the sample containing 20 wt%
of NH4CH3CO2. Other than that, based on studies
conducted by Kamarudin et al. [84] and Hema et al.
[85], the ionic conductivity increase with increasing
temperature is due to the increase in permitted volume which is related to the segmental (polymer chain)
motion. This increasing polymer free volume facilitates the translational ionic motions, which in turn,
favor intra-chain and inter-chain movements in the
CMC-NH4CH3CO2 BPEs system and resulting in
higher ionic conductivity as the temperature increases [46, 81]. Based on the temperature dependence plot,
the activation energy was calculated using the Arrhenius relationship equation [70–74], and the highest conductivity had the lowest activation energy of
0.24 eV. Our finding is comparable with Bakar et al.

Table 2. Comparison of the CMC-NH4CH3CO2 BPEs ionic conductivity with other synthetic and bio-polymer electrolyte
systems from the literature.
Polymer host

Ionic dopant

Ionic conductivity, σ
[S/cm]

Reference

Sago

NH4Br

6.90×10–9

[71]

Carrageenan

NaOH

5.30×10–7

[72]

Gelatin

CH3COOH

1.28×10–5

[73]

Chitosan

Eu(Trif)3

1.52×10–6

[74]

Pectin

NH4SCN

4.05×10–6

[12]

Polyurethanes

LiCl

9.20×10–8

[75]

Polyethylene oxide

LiAsF6

1.58×10–7

[5]

Polyethylene oxide/Polyvinyl pyrrolidone

NaIO4

1.56×10–7

[76]

Chitosan/Polyethylene oxide

NH4I

3.66×10–6

[77]

~10–6

Present system

CMC

NH4CH3CO2
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[86], who worked on an eco-friendly CMC-chitosan
bio-polymer doped with dodecyltrimethylammonium bromide (DTAB) where they reported the highest conducting sample (~10–6 S/cm) in their work
gave the activation energy value of 0.33 eV.

Table 3. Free ions and contact ions of the
CMC-NH4CH3CO2 BPEs system.
Sample

3.4. Transport properties analysis
The FTIR spectra of the selected region were deconvoluted and then plotted in Figure 9. The highlighted
peak is in the range of 1500 to 1700 cm–1 which corresponded to the COO– of CMC, and this was due
to the significant complexation that occurred between CMC-NH4CH3CO2 as suggested by the FTIR
analysis. The free ions and contact ions that were observed in Figure 10 were tabulated in Table 3. The
free ions can be assigned in the middle of the three
peaks while the contact ions can be assigned to free
ions [6, 38, 40]. It was found that the percentage of
free ions increased upon the addition of
NH4CH3CO2. This was primarily due to the increment of H+ ion dissociation from NH4+ that allowed
sufficient ion passage and in turn, boosted the ionic
conductivity as discussed earlier and in agreement
with the peak observed in the FTIR analysis. The
transport properties of the present system are presented in Figure 11.
Based on Figure 11a, it can be seen clearly that the
η values increased linearly by the addition of
NH4CH3CO2. The number of ions (η) is mainly linked
to the changes in concentration of free ions [87]. The
value of µ and D for samples 2 and 3 show increasing trend which is parallel with the conductivity trend.
Thus, these results clearly revealed that the mobility
of ions (µ) and the diffusion coefficient (D) [83, 88]
contributed to the ionic conductivity, as they contributed to the dissociation of free ions in BPEs system

Free ions
[%]

Contact ions
[%]

1

n.a

n.a

2

61.33

38.67

3

65.54

34.46

4

64.70

35.30

n.a = not available

as shown in Figure 11b. In general, the ionic conductivity is linked with the equation σ = η·q·µ [41,
83]. Based on the equation, the transport parameter
is influenced greatly by the ionic conductivity value.
This leads to the increment of transport properties
into maximum value. Furthermore, the pattern of η
increased linearly with the addition of NH4CH3CO2
due to the overcrowding of protons as ammonium
ions (NH4+), so that more energy was required to
break away to allow for ions migration. As ions encounter difficulty in migration in the CMCNH4CH3CO2, therefore there was a decrement in µ,
D and also ionic conductivity.
Figure 11c shows the NH4CH3CO2 composition dependence of the diffusion coefficient for ammonium
ions including H+ by MD calculation. The diffusion
coefficient exhibited the maximum value at 10 wt%
NH4CH3CO2 and the curve trend matched well with
the results from the experimental work as shown in
Figure 11b. The results of the MD calculation indicated that the CMC was protonated by NH4CH3CO2 via
inter- or intramolecular hydrogen bonds, as proposed
in Figure 4, which enhanced the amorphousness of
the entire system and provided more pathways for the
movement of H+. This observation was also supported by the FTIR and XRD analyses that were discussed
in the preceding section. The amorphous phase

Figure 10. FTIR deconvolution of sample (a) 2 and (b) 3 of the CMC-NH4CH3CO2 BPEs system.
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Figure 11. Transport parameters (a) number, η and (b) mobility, μ, and diffusion coefficient (D) of ions and (c) diffusion coefficient (D) by MD calculation of CMC-NH4CH3CO2 BPEs system.

initial current (Iss/Ii). To determine the transference
number of electron (te), stainless steel electrodes
were used since electrons are transparent to the ion
blocking stainless steel [89]. For ionic conductors,
the current flowing through the electrode falls rapidly with time, while for non-ionic conductors, the
current would not decrease with time [90]. The plot
of polarization current against time for our highest
conducting sample (sample 3) is shown in Figure 12.
The current was observed to fall rapidly at the initial,
before being saturated to a lower current value. This
phenomenon indicated that the polymer electrolytes
are ionic conductors. By knowing the electron transference number, te, the value of the ionic transference number, tion of the BPEs system was calculated
based on the literature [91].
The tion and te of the highest ionic conductivity (sample 3) studied were found to be 0.97 and 0.03 respectively. These results clearly revealed that the
NH4CH3CO2 complexed with the CMC BPEs system which involved ions transport as discussed previously in the FTIR and transport properties analyses. Thus, it can be inferred that the conducting
charge species in the sample was predominantly due
to ions since the tion measured was ~1 which is in
agreement with other research work [47, 92].

allowed more ions to transport within the biopolymer-salt complex systems and hence increased the
ionic conductivity.

3.5. Transference number measurement
(TNM)
In order to identify the conducting species in the
electrolytes, the transference number measurements
were carried out. By sandwiching the electrolyte with
the conducting species transparent electrodes, a transference number of the conducting species can be
known from the ratio of steady-state current to the

Figure 12. TNM plot for sample 3.
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[94–96]. The shape of the plot changed to a nearly
rectangular shape as the scan rate decreased. Meanwhile, higher scan rates showed the inconsistency of
the CV shape from the perfect rectangular shape,
which can be attributed to the carbon porosity of active materials and the internal resistance, thus creating a current dependence of voltage [97, 98]. Based
on the CV plot, the specific capacitances (Cs) were
calculated using Equation (9) and were plotted as
shown in the inset of Figure 14. The value of Cs increased as the scan rate decreased with the highest
value of Cs being ~2.7 F/g for the scan rate of
2 mV/s. The optimum Cs value at lower scan rate
could be due to the ions having enough time to diffuse and utilize all of the vacant sites in the active
electrode material since the mobility was higher as
shown by the transport properties analysis.
Galvanostatic charge–discharge (GCD) cycling was
carried out in the potential range between 0 and 1 V
as shown in Figure 15a. The charge–discharge characteristic was tested at different current (0.05, 0.03
and 0.02 mA). From the graph, it can be observed
that the values of IR drop increased with increasing applied current during the charge-discharge cycle. This
observation can be related to the Ohm’s law equation; Vcell = Voc – IR cell, where Voc is maximum voltage when the circuit is open and R is the resistance
of the EDLC. From the equation, the voltage of the
cell is proportional to the current and resistance values. Therefore, it is important to reduce the resistance of the EDLC cell to minimize the IR drop.
Figure 15b shows the specific capacitance, ESR and
coulombic efficiency of the EDLC above the 300th
cycles which operated using current of 0.02 mA. A
theoretical estimate of a single electrode capacitance

3.6. Voltammetry analysis
The electrochemical stability (i.e. working cell potential range) of polymer electrolytes is an important
parameter to be evaluated for their potential application in electrochemical devices. The stability window of the BPEs system for sample 3 was studied
using the linear sweep voltammetry (LSV) technique, and its corresponding voltammogram is
shown in Figure 13. It can be observed that there was
no current through the working electrode from the
open circuit potential of 1.72±0.01 V as shown in
Figure 13. This corresponded to the plating of sample 3 onto the stainless steel electrode and may be
related to the decomposition of the sample. The result showed that the current increased significantly
when the potential was higher than 1.72 V which indicated the decomposition of the present electrolyte
system. Kadir et al. [93] reported that the decomposition voltage of plasticized methylcellulose –
NH4Br polymer electrolyte is 1.53 V, and the electrolyte was used in the fabrication of an electrical
double-layer capacitor (EDLC). The present result
showed that sample 3 which was the highest conducting electrolyte in the present work could be used
for the fabrication of an EDLC.
3.7. Electrical double layer capacitor (EDLC)
analysis
In the present work, a cyclic voltammetry (CV) measurement was conducted to evaluate the possibility of
using our BPEs system (sample 3) as an EDLC. Figure 14 shows the CV plot of the EDLC at various
scan rates. As shown in the figure, no peaks were observed in the plot, indicating that no redox reactions
occurred in the potential range of 0 to 1 V. This EDLC
behavior was also observed by other researchers

Figure 13. LSV plot for sample 3.

Figure 14. Cyclic voltammograms of EDLC at different
scan rates.
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Figure 15. (a) Charge-discharge curves of EDLC at different applied current and (b) their characteristics at different cycle.

the BPEs system was achieved by the most amorphous sample that contained 10 wt% of NH4CH3CO2
with a value of 5.07×10–6 S·cm–1. The trend in ionic
conductivity for the CMC-NH4CH3CO2 BPEs system was governed by the ions mobility and diffusion
coefficient properties as proven by the MD calculation and imitated a similar trend of free ions. Meanwhile, the number of mobile ions increased slightly
with the addition of NH4CH3CO2 as revealed by the
deconvolution analysis. The significance of the dielectric and modulus study was emphasized to comprehend the proton conduction mechanism in the
BPEs system. Towards the application of the present
BPEs in an EDLC, the LSV of the highest conducting sample revealed the highest electrochemical window of 1.72 V and gave a specific capacitance value
of ~2.4 F/g. The process efficiency was sustained at
~80% for up to 300th cycles which suggests that this
BPEs system can be an excellent alternative solidstate system for further application in electrochemical devices.

using AC as active materials is ~400 F/g for a total
surface area of 2000 m2/g [99]. However, the present
EDLC gave the specific capacitance of 2.8 F/g at the
5th cycles and 2.4 F/g at the 300th cycles with a
coulombic efficiency of ~80%. This value was quite
similar to the value observed from the CV analysis
with a scan rate 2 mV. The difference between the
theoretical and experimental values of Cs can be attributed to the inability of the present electrolytes to
take maximum advantage of the activated carbon
electrodes total surface area in producing a large
double-layer capacitance. It was found that the calculated value of ESR was in the range of 12~13 kΩ
of the EDLC measured until the 300th cycles. According to Arof et al. [100], the higher values of ESR
may be related to the low cation transference number, degradation and low ionic conductivity of the
present electrolytes system. Taking into account the
average specific capacitance of ~3 F/g and even
lower Cs value, the EDLC that employs a protonconducting biopolymer electrolyte based on the
CMC-NH4CH3CO2 can be further exploited to enhance its performance.
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4. Conclusions
In this present work, a series of new biopolymer
electrolytes (BPEs) based on the CMC-NH4CH3CO2
were successfully prepared via the solution casting
technique. The FTIR analysis revealed the interaction of CMC with the increasingly added
NH4CH3CO2, suggesting that there is a strong affinity between the H+ of the NH4CH3CO2 with the
C–O–C (1063 cm–1) and COO– (1597 cm–1) groups
in the CMC due to the inter- and intra-molecular attraction. The XRD analysis confirmed that the optimum ionic conductivity at ambient temperature for
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