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ABSTRACT. This work examined the influence of ammonium acetate (CH3COONH.4) on CMC/PVA-based solid polymer
electrolyte (SPE) membranes, focusing on molecular vibration, proton conductivity, and physicochemical properties. SPE
membranes were prepared via the casting solution method with varying CH3COONH. concentrations to determine the
optimal proton conductivity. Various characterizations, including FTIR, EIS, XRD, and TGA, were performed. The optimal
membrane condition was achieved with 10 wt-% CH3COONH. in the CMC/PVA (80/20) blend, yielding proton
conductivity of 3.93x10™* S/cm and favorable mechanical, thermal, and crystallinity properties, making it suitable for

proton-conducting polymer applications.

Keywords: ammonium acetate, carboxymethyl cellulose, ionic conductivity, poly(vinyl alcohol),

electrolyte membrane.

INTRODUCTION

Solid polymer electrolyte (SPE) membrane is a
crucial component in developing energy storage and
energy supply such as fuel cells, dye-sensitized solar
cells (DC), supercapacitors (SC) and secondary
batteries (Di Noto et al., 2011). All-solid-state
secondary batteries, especially, SPE membranes have
dual functions, including electrode compartment
separators and also as electrolytes (Lizundia &
Kundu, 2021). Proton batteries are a type of
alternative battery that can replace metal-based or
metal-ion-based batteries that have been developed
so far, such as lithium-ion batteries, sodium-ion
batteries, magnesium-ion batteries, zinc-ion batteries,
and others (Lizundia & Kundu, 2021). Proton
batteries generally utilize protons as charge carriers
moving from the anode to the cathode and vice
versa. Similar to solid-state metal ion secondary
batteries, solid polymer electrolytes are crucial for

proton battery, solid

enhancing the performance of these devices (Li et al.,
2021).

The selection of the type of polymer to serve as
the host for proton conduction is crucial in the
development of the SPE membrane (Hoang Huy et
al., 2021a; Nagao, 2024). It is well known that the
primary drawback of SPEs is their very low ionic
conductivity (Ngai et al., 2016), if it is compared to
the liquid electrolyte (Hoang Huy et al., 2021b).
Flexible and stable thermal SPE membrane behaviour
is preferred because it offers its safety (Fu et al.,
2019) over liquid electrolytes that have low vapour
points, flammable and corrosive (Zulkifli et al.,
2020). Nevertheless, to realize a physically stable
and high electrical conductivity SPE membrane is
challenging.

Several studies on SPEs for proton batteries, also
known as proton-conducting polymers, generally
utilize commercially available synthetic polymers such
as polyethylene oxide (PEO)(Borodin & Smith, 2006),
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polyacrylonitrile  (PAN)(Yang et al., 2017),
polyvinylidene fluoride (PVDF) (Zhang et al., 2017),
poly(propylene carbonate)(PPC) (Zhang et al., 2015),
etc. However, the use of these synthetic polymers
poses environmental concerns when developed on a
large scale, as they are not biodegradable (Xi et al.,
2021). Therefore, there is a significant shift towards
using environmentally friendly polymers as hosts for
polymer electrolytes in proton batteries. These eco-
friendly polymers are typically derived from biomass,
such as carboxymethyl cellulose (CMC).

CMC is a significant cellulose derivative,
alongside methylcellulose (MC) and cellulose acetate
(CA). CMC exhibits several advantageous physical
properties: it is easily soluble in water, mixes well with
various salts, is thermally and mechanically stable,
and is biodegradable in nature (Xi et al., 2021).
Besides its good physical properties, CMC also has a
stable molecular structure with B-(1,4) bonds between
its glucose monomer units, similar to cellulose
(Ndruru, Asta, et al., 2024). The various functional
groups in CMC molecules, such as O-H, C=0,
O=C-OH, and C-OH, provide multiple sites for the
transit of charge-carrying ions, facilitating their
movement from one site to another(Akhlaq et al.,
2023). It's same cases with the single host polymers
in SPEs, CMC also requires supporting materials to
enhance the segmental motion of its polymer chains,
thereby contributing to increased (ion/proton)
conductivity (Ndruru et al., 2024).

The blending technique is the easiest and most
cost-effective method to modify and enhance the
performance of SPEs. Blended polymers typically
offer  superior  physicochemical  performance
compared to single polymers (Brza et al., 2020).
Several studies utilize blended polymers as host
polymers, including PEO/PVDF (Patla et al., 2018),
PVA/MC (Shamsuri et al., 2020), PVA/chitosan,
CMC/chitosan (Hafiza & Isa, 2014), etc. One of the
polymers frequently blended with CMC in the SPE
development is polyvinyl alcohol (PVA). Several
studies utilize blended polymers as host polymers,
including PEO/PVDF (Patla et al., 2018), PVA/MC
(Shamsuri et al., 2020), PVA/chitosan, CMC/chitosan
(Hofiza & Isa, 2014), etc.

Polyvinyl alcohol (PVA) is a polymer synthesized
through either partial or complete hydrolysis of
polyvinyl acetate (PVAc) (Aruldass et al., 2019). PVA
exhibits excellent solubility in water, especially hot
water, due to its ability to form hydrogen bonds (O-
H) with water molecules (Aruldass et al., 2019), and
it has good compatibility with various types of salts
due to its ion-dipole interactions with positive ions.
Several studies have utilized PVA as a host polymer
for solid polymer electrolytes, including PVA/MC
(Shamsuri et al., 2020), PVA/PVP (Irfan et al., 2021),
PVA/Starch (Gulati et al., 2019), etc. The blending of
PVA with CMC (CMC/PVA) is a favoured and
extensively studied design due to its non-toxic, easily

processable, environmentally degradable properties,
and its ability to reduce the crystalline phase of the
polymer, thereby achieving good conductivity values
(Singh et al., 2022). The blended polymer of
CMC/PVA has been investigated as a host polymer
for electrolytes in studies such as (Mazuki et al.,
2019; Saadiah et al.,, 2021; Sallal et al., 2022;
Gulati et al., 2019).

The selection of proton-sourced salts, such as
ammonium salts, is vital for SPE membrane
development. Ammonium salts, with low lattice
energies, enhance proton conductivity by increasing
free ion dissociation (Monisha et al.,, 2017).
Ammonium acetate, with a lattice energy of -500 to -
600 kJ/mol, is particularly favorable. These salts
release protons through deprotonation, interacting
with the host polymer, while the acetate anion also
oftracts  protons via  electrostatic  interactions
(Hemalatha et al., 2019).

This study will investigate the impact of
ammonium acetate on an SPE based on a CMC/PVA
blend, through molecular vibration studies, ionic
conductivity analysis, and physicochemical
performance  evaluations. The infermolecular
interactions between CMC and PVA as host polymers
with ammonium acetate are crucial to explore and
can be correlated to the resulting physicochemical
properties. Characterization methods employed to
support this study include functional group analysis,
impedance analysis, crystallinity analysis, mechanical
analysis, and thermal analysis. This research aims to
provide insights into the fundamental behaviour of a
proton-conducting SPE  membrane based on
CMC/PVA/CH3;COONHs,.

EXPERIMENTAL SECTION
Chemicals

The materials used in this work were commercial
carboxymethyl cellulose (CMC, Merck), commercial
poly(vinyl alcohol) (PVA, Aldrich) with a molecular
weight of 145,000 sigma aldrich fully hydrolysed,
ammonium acetate 98% (CH3;COONH,) (Loba
Chemie), distilled water, and methanol (CH3;OH)
(Merck KGaA) p.a.

Preparation of CMC, CMC/PVA (80/20)
CMC/PVA/CH;COONH,-based SPE Membranes

The membranes were prepared by casting
solution technique as we many developed in previous
work (Darmawan et al., 2024; Ndruru et al., 2022;
Ndruru et al., 2023; Ndruru et al., 2024; Ndruru et
al., 2023(b); Triandani et al., 2023). Both the CMC
membrane and CMC/PVA (80/20) membrane as a
control were prepared by dissolving 1 (one) gram of
CMC and CMC/PVA mixture with ratio 80/20-wit%
were mixed into 40 mL of distilled water at room
temperature until homogeneous, respectively. The
homogeneous CMC solution was then poured onto
the petri dish surface and dried in an oven to remove
the solvent at 60 °C for 24 hours.

and
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The CMC/PVA/CH3COONH4 SPE membranes
were prepared by mixing various weight percentages
of CH3COONH, salts (5, 10, 15 and 20 %wt) with
CMC/PVA (ratio: 80/20) with a total weight of 1
(one) gram at room temperature until homogeneous.
The well mixture was observed by transparent
solution which occurred for each composition. The
homogeneous CMC/CH3;COONH, solution with
various compositions was then poured onto the petri
dish surface, which was then dried in the oven for at
least 24 hours. The dried film was peeled from the
petri dish and stored in the free-air room. The result
of this stage is a thin film specifically named solid
electrolyte membrane.

Characterizations
FTIR spectroscopy

Changes in the surface chemistry of the samples
were evaluated using FTIR. Spectra were recorded in
the range of 4000-500 cm' on a Prestige 21
Shimadzu facilitated with an attenuated total
reflectance (ATR). From the IR spectra, some physical
properties, such as free ion percentage and transport
parameters, were calculated according to the
following equation, Equation (1) adapted from
(Abarna & Hirankumar, 2017):

. Free ion area
Free ion percentage (FP) = - - (1)
Free ion area+Contact ion area

Transmittance intensity can be determined by
calculating the peak-to-baseline height on the
transmittance scale (7%). The value can be calculated
using Equation (2) adapted from (Darmawan et al.,
2024)

T% = Thasetine — Tpeak (2)

The width of the absorption band can be measured
by calculating the distance between baselines, which
is indicated by Equation (3) adapted from (Hafiza &
Isa, 2017)

Absorption Bandwidth (cm™') = Bi-Bo (3)

where B is the final baseline, and 5 is the initial
baseline.

Transport Parameters
Transport parameters, such as density number (1),

mobility (u), and diffusion coefficient (D) were

calculated using Equation (4-6). (31)

molx NA

lon density (n) = ( Votal ) x FI (%) (4)
lon mobility () = % (5)
Diffusion coefficient (D) = LT (6)

e
where N, Voo, € 7T, and k represent Avogadro
number (mol”), total volume (mL"), electric charge
(1.62 x 107, absolute temperature, Boltzmann
constant (1.38 x 102 JK') The force constant (4) is
calculated through Hooke's law Equation (7) (Hafiza
& Isa, 2017)

v= i\/ﬁ N.cm'! (7)
k = 4n%c?v?u (8)

Sun Theo Constan Lotebulo Nduru, et al.

_ miXmp (9)

mq+m,
Where, vis the wavenumber (cm™'), cis the speed of
light constant (2.998x 108 m.s2), and u is the
reduced mass.

lonic Conductivity Analysis

The ionic conductivity of SPE membranes was
analysed using an electrochemical impedance
spectroscopy (EIS). The AC conductance and
impedance data were extracted from LCR-H-tester
Hioki 3532-50 at a frequency interval ranging
between 42 Hz and 1 MHz. DC ionic conductivity can
be determined through its relationship with AC ionic

conductivity as follows Equation (10) (Ndruru,
Syamsaizar, et al., 2024):
oac= opc + Aw” (10)

where: oac, 0oc, A, w, and n refer to AC conductance
(S.cm™), DC conductance (S.cm™'), angular frequency
(rad), and Jonscher power law exponent, respectively.
For comparison, DC ionic conductivity can also be
determined using a Nyquist plot, according to the
Equation (11) (Abdullah et al., 2021) below:

t

o= (11)

RpxA

where o, #, R, and A represent ionic conductivity
(S.cm’'), membrane thickness (mm), bulk resistance
(ohm), and surface area (cm?), respectively.

Mechanical Performance

The mechanical properties of SPE membranes
were examined using a tensile tester AGS-X. The
membranes were prepared with a dimension of 5 %
1 cm and then clamped at a distance of 10 mm with
a speed of 10 mm/minute and a cell load of 5 kN.
The mechanical strength of the membrane can be
calculated by following the Equation (12) (Ndruru et

al., 2020).
o="29 (12)
t xl

where o, m, g, # /represents tensile strength (MPa),
mass (kg), gravity (m.s?), membrane thickness (mm),
and membrane width (in mm), respectively.
Crystallinity Analysis

X-ray Diffraction (XRD). The crystalline structure of
SPE  membranes was evaluated using XRD
PANalytical X'Pert HighScore with Cu Ka source. The
diffractogram intensity was recorded as a function of
a 20 interval between 5 and 90°. The crystallinity
index (Cl, %) of the membranes was quantified
according to the following Equation (13) adapted
from (Hebbar et al., 2017):

Ac

C.1.(%) = o % 100%
where A. and A, represent the crystalline and
amorphous areas.

(13)

Thermal Analysis

Thermogravimetry analysis (TGA) and derivative
thermal analysis (DTG) were conducted to evaluate
the thermal properties of the SPE membranes. The
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membrane sample was heated at a temperature in
the range of 29-600 °C at a heating rate of 10
C/min under nitrogen (N2) gas.

RESULT AND DISCUSSION
Surface Chemistry and Molecular Vibrations Study
FTIR Analysis

Figure 1 shows the FTIR spectra for CMC, PVA,
CMC/PVA (80/20) blend and CMC/PVA (80/20) +
xCH3;COONH, (x = 10, 20, 30 wt/-%). CMC shows
some main important functional groups including O-
H stretching, C-H stretching of the alkyl group, C=0O
(carboxylic acid), -CH; bending, O-H bending, C-O
(ether/carboxylic acid), and C-H bending which are
observed ot 3441, 2921, 1621, 1420, 1328, 1058,
603 cm, respectively(Biswal & Singh, 2004).
Poly(vinyl alcohol) exhibits the key vibration
absorption including O-H stretching, C-H stretching
from alkyl groups, C-O stretching, and C=0O
stretching which are located at 3425, 2920, 1095,
and 849 cm’, respectivelyf(Awada & Daneault,
2015). CMC/PVA (80/20) blend membrane,
meanwhile, displays some deformation on their main
peak wavenumber regarding CMC.

The CMC/PVA (80/20) blend membrane shows a
split C=0 peak due to molecular interactions. A
higher wavenumber indicates a free C=0O bond,
while a lower one shows interaction (Sohaimy et al.,
2022). The weakening transmittance intensity at
lower wavenumbers suggests decreasing C=0O bond
strength, especially as CH3;COONH,; content
increases. The lowest force constant, observed at

ions. Previous studies confirm that ammonium salt
interactions with the host polymer shift the
wavenumber lower due to hydrogen bonding with
oxygen-containing functional groups (Mazuki et al.,
2019; Shukur et al., 2018).

Proton Conductivity Analysis
AC conductance analysis

Figure 2 displays the AC conductance plots which
supply the relationship between AC conductance with
log angular frequency. The determination of DC
proton conductivity was carried out adapting
Equation (10). DC proton conductivity can be
detected by exirapolation method regarding each
plot, where the value is located at the plateau
segment (Ndruru, et al., 2024). Based on the results,
as shown in SI-3, it appears that the incorporation of
CH;COONH; impacts the DC proton conductivity
change. The highest DC proton conductivity was
experienced by 10wt-% of CH3COONH, as high as
3.93x10* S cm' and then decreased when the
20wt-% and 30wt-% of CH3COONH,. The highest
value can be atiributed by highest free ion
percentage at the compositions that means the
composition  contributed to ammonium  salt
dissociation.  For comparing to previous research
that found that the SPE of CMC/CS showed
conductivity of 2.12 x 10° S cm' (Hafiza M.N.1
and Isa M.LN, 2014), CMC/PVA membrane
exhibited the conductivity around 10¢ (Saadiah &
Samsudin, 2018) and SPE of CMC/PVA doped with
NH.Cl displayed the conductivity of 8.86 x 107
S cm (Mazuki et al., 2019). Those conductivities

.30YV1_% CH?COQNH“’, confirms the interaction,  were lower than the highest proton conductivity
indicating  dissociation into  NHs;* and CH3;COO~ ;i this study.
O-H C-H -CH, C-H
stretching  stretching bending c-0 , rocking C=0
alkane = M _A(A)
— e AP
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g I e R VAV N ~~—(©) g
'_
.g B —~——1(B)
B A/V"/\/ ®
(0]
T Py —®
T T T T T T ToT
4000 3500 3000 2500 2000 1500 1000 500 1650

Wavenumber (cm™)

(i)

Wavenumber (cm™)

(if)

Figure 1 (i) Full spectra and (i) C=0O band spectra for (a) CMC, (b) PVA; (c) CMC/PVA (80:20), (d)
CMC/PVA/CH;COONH,/(80:20:10), (e) CMC/PVA/CH3;COONH, 80:20:20), () CMC/PVA/CH;COONH,

(80:20:30).
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Figure 2 AC conductance plot for (A) CMC 100%; (B) CMC/PVA (80/20) blend and complexed
with CH;COONHy, for each (C) 10wt-%; (D) 20wt-% and (E) 30wt-%

The excess of CH;COONH, incorporation caused
the DC proton conductivity to decrease gradually
decreased. The abundance of ammonium salt can't
be dissociated by the system. This condition has ever
been reported in previous work, where the addition
of 50wt-% NH,SCN into PAN/PVP (80/20) blend SPE
membrane, after optimum condition, caused
resistance increase. The excess of NH4SCN in this
composition makes ions agglomeration, which
reduces the ion mobilisation (Daniel et al., 2023). As
commonly known, the ion or proton conductivity was
influenced by some important factors, including ionic
species conducting ions concentration, the charge
carriers types (either cationic or anionic), the mobility
of charge carriers, and the temperature (Rasali et al.,
2020).

Figure 2 also exhibits the different regions
observed. Region | at the low frequency explains the
infternal  phenomena  between  electrode-SPE
membranes. In this space, the space charge
polarization/electrode polarization occurred, where
protons have sufficient time to accumulate in the
electrode/SPE membrane interface, and no available
ions are mobile. Region Il is the plateau space, where
the DC conductivity is obtained. Meanwhile, Region
Il at the highest frequency is the dispersion region,
where further increased conductivity appeared (Shetty
et al., 2021). Region | and Il are expressed by the
jump relaxation model, where protons jump from
one coordinate site to another vacant neighbouring
in the SPE matrix (Shetty et al., 2021). In this work,
SPE membranes have some polar groups which are
supplied by CMC and PVA polymer chain as polymer
chain, as explained previous section. As commonly
known, solid polymer electrolytes (SPEs) should meet

several criteria. Besides having a low glass transition
temperature, the polymer should provide low
cohesive energy to facilitate salt dissociation.
Additionally, it should possess a large number of
polar groups, such as O-H, -C=0, and O=C-OH
groups, along with a flexible polymer chain.

Nyquist plot analysis
Figure 3 exhibits the Nyquist plot for all
membranes, including CMC, CMC/PVA (80/20)

blend membrane and CMC/PVA (80/20) blend +
various weight percentages of CH3;COONH, SPE
membrane. CMC shows the highest resistance which
exhibits the lowest proton conductivity as high as
1.16 x 107 S cm’. The resistance decrement
happened when it blends to PVA with the ratio
80/20. The CMC/PVA (80/20) blend offered lower
resistance which was indicated by increasing the DC
conductivity as much as 3.20 x 10° The DC
conductivity for both the CMC membrane and
CMC/PVA (80/20) is appropriate as a total
conductivity, because the ammonium acetate, as a
dopant, still does not exist inside.

The Nyquist plot shows improved DC conductivity
after incorporating CH;COONH, into the host
polymer. The 10wt-% CH3COONH4-complexed
CMC/PVA blend exhibits the highest DC proton
conductivity at 7.96x10™ S cm™'. This increase is
due to enhanced amorphous regions and chain
flexibility. However, conductivity decreases at higher
CH3;COONH; concentrations, with 20wt-% showing
1.08x10° S:cm™ and 30wt-% dropping to
5.45%107% S:cm™'. The change in conductivity is
attributed to the percentage of free ions, with 10wt-%
CH3;COONH, vyielding the highest free ion
percentage.
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Figure 3 Nyquist plot for (A) CMC membrane, (B) CMC/PVA (80/20) membrane, (C) CMC/PVA (80/20) +
10wt-% CH3;COONHy; (D) CMC/PVA (80/20) + 20wt-% CH3COONH, and (E) CMC/PVA (80/20) + 30wt-%

CH3COONH;4

The Nyquist plot, commonly, explains the diverse
phenomena. A semicircle ot the high-frequency
region due to the bulk effect of the CPEs, and a ftail
were observed in the low-frequency region.
Additionally, there was an incomplete semicircle at
higher frequencies, primarily related to the bulk
properties (bulk resistance) of the materials. At low
frequencies, a spike was noted, indicating double-
layer capacitance at the electrode/sample interface
(Cyriac et al., 2022). The spike (tail) in the low-
frequency region results from the accumulation of
free charges at the electrode and electrolyte interface,
leading to the formation of an EDLC (Ahmed et al.,
2022). When an AC electric field is applied to the
membrane electrolytes, ion diffusion occurs across
the membrane, leading to ion accumulation at the
electrode/electrolyte interface. Due to the electronic
nature of the stainless-steel electrodes, ions cannot
pass through them. This allows for the measurement
of the real and imaginary components of impedance
at various frequencies, resulting in impedance
graphs. By intersecting the spike with the plot's real
axis, the R, values were determined from the data
analysis (Ahmed et al., 2022).

This spike is visible in all other samples. In this
work, a disappeared semicircle curve was seen at the

10wt-% and 20wt-% CH3;COONH, incorporation,
which indicated the SPE membrane resistance
decrease. The semicircle was observed when the
highest CH;COONH, incorporation, which confirm
internal resistance back increased, as saturation
condition of ion-pair formation.
Figure 4 serves the
mechanism of CMC, PVA and CH3;COONH,
including the proton hopping mechanism and
mobilization. Ammonium cations experience de-
protonation to supply proton in the SPE system, so the
proton is hopping from CMC and PVA polar groups
such as -OH, -O-, C=0 and -COO-. The ionic
hopping mechanism in polymer electrolytes is driven
by the movement of mobile charge carriers or ions
that dissociate from complexes. For ionic conduction
through hopping to occur, certain fundamental
conditions must be met: there must be mobile ions
available for migration and vacant sites for these ions
to occupy (Dennis et al., 2023).

possible interaction

Physical Properties of SPE Membranes
Mechanical performance

Mechanical properties analysis is one of the
crucial aspects of the quality of SPE membranes. The
representative of mechanical performance for all
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membrane samples was presented in Figure 5 and
extracted into Table 1. Pure CMC membrane shows a
high tensile strength, moderate elongation and
Young's modulus. As a standard, it shows more
flexible than its blend with PVA (CMC/PVA). The
existence of a CMC/PVA (80/20) blend membrane
exhibited a change in mechanical properties. The

PVA:

CMC:

Sun Theo Constan Lotebulo Nduru, et al.

tensile strength decrement in the CMC/PVA (80/20)
was not followed by the elongation at break
increment, on the other side Young's modulus
increased. The high Young’s modulus indicates the
rigidity performance increment as crystallinity index
(C.1.) consequence which will discussed in previous
section.

H H
H
j@; O Ammonium
H T‘ H )L Acetate
H H o

O
H o
(‘) :protonation/deprotonation h N
0 H H
/"X : hopping |® (\é o )
)k H—N—H H—N—H Ammonium
o ‘ ‘ Acetate
H + H + o
i H H
HO OH OH OH

PVA:

Figure 4 Possible interaction mechanisms of CMC, PVA and CH;COONH;,
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Figure 5. (i) Representative Plot of Tensile Strength vs Elongation at break and (i) The relationship Tensile
strength regards Elongation at break and Young’s modulus for (A) Pure CMC membrane, (B) CMC/PVA

(80/20) blend membrane, (C) SPE of

CMC/PVA/CH3COONH;,

(80/20/10), (D) SPE of

CMC/PVA/CHsCOONH; (80/20/20), (E) SPE of CMC/PVA/CH3;COONH; (80/20/30)
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Table 1. Mechanical analysis of SPE membrane of CMC/PVA/ CH3COONH,

Tensile Strength

Elongation at Young’s Modulus

Membrane (MPa) Break (%) (MPa)
Pure CMC membrane 63.33 16.73 940
CMC/PVA (80/20) 37.90 6.44 1130
CMC/PVA (80/20) + 10

%wt CHaCOONH. 13.03 17.73 400
CMC/PVA (80/20) + 20 520
%wt CH3COONH, 23.98 30.01

CMC/PVA (80/20) + 30

%wt CHsCOONH, 53.34 517 2100

The incorporation of CH3;COONH, into the
CMC/PVA (80/20) host polymer significantly impacts
the mechanical properties of the SPE membrane. The
highest flexibility, with the lowest tensile strength and
moderate  elongation, occurred at  10wt-%
CH3COONHy,. At this composition, the salt disrupts
hydrogen bonding between CMC and PVA,
promoting an amorphous region, which inhibits
crystallization, as will be discussed further (Cyriac et
al., 2022).

At 20wt-% CH3COONH;,, the interaction between
the salt and host polymer decreased, while hydrogen
bonding strengthened, leading to ion-pair formation.
Maximum rigidity was observed at 30wt-%, where
excess CH3;COONH; caused ion agglomeration,
hindering segmental motion and ionic conduction.
This increased tensile strength and Young's modulus
but reduced elongation at break (Daniel et al.,
2023)(Tan et al., 2020)(Shyly et al., 2022). The
mechanical properties change is correlated with the
crystallinity properties.

As explained earlier, high salt concentrations lead
to ion association, reducing the number of charge
carriers and decreasing conductivity (o) while
increasing R. The rise in polymer electrolyte
crystallinity at high salt levels further limits ion
mobility, as the amorphous phase facilitates ion
movement, contributing to the higher &, value (M. A.
Brza et al., 2020).

Crystalline properties analysis

X-ray diffraction (XRD) analysis was performed to
understand the crystallinity patterns and properties of
the pure CMC as host polymer, CMC/PVA (80/20)
blend membrane, and the CH;COONH, (10, 20, 30
wi%)-complexed CMC/PVA (80/20) blend membrane
as presented in Figure 6. The deconvolution method
in this work was used to determine the crystallinity
index for all compositions (Borodin & Smith, 2006).
XRD pattern of CMC shows a crystalline peak at 26
= 21.6° (de Oliveira Barud et al., 2016), while the
CMC/PVA (80/20) blend shows a crystalline peak at
22.64°. The addition of CH3COONH, salt affects to
crystalline peak shift at 26: 10-30°. The addition of
10wt-% CH3;COONH;, salt showed a crystalline peak
at 20.61°. The addition of 20wt-% CH3;COONHj, salt
has a crystalline peak at 20.51°. The addition of
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30wt-% CH3COONH; salt showed a crystalline peak
at 20.36°. The addition of CH;COONHj, salt to the
CMC PVA blend experienced a peak shift indicating
an interaction between the salt and the polymer
(Kumar et al., 2017).

Deconvoluted XRD spectra were conducted to
determine the crystallinity index (C./1). The crystallinity
index determination of the host polymer CMC,
CMC/PVA blend (80/20) and CMC/PVA blend
complexed with various weight percentages of
CH3COONH, were determined using Equation (13).
Based on the calculation, CMC showed the highest
crystallinity index as high as 60.30%, while its blend
to the PVA exhibited a lower crystallinity index as
high as 30.11%. The further incorporation of
CH;COONH; caused a lower crystallinity index to
continue as high as 12.94%. The crystallinity index
decreasing, generally, causes the flexibility to
increase and improves the conductivity (Rasali et al.,
2020). The lower crystallinity index also indicates that
salt was completely dissolved in the system, as
explained in previous work, where Nal had perfectly
dissolved in the PVA-based SPEs and contributed to
amorphous region formation (Ahmed et al., 2022).
The flexibility of the amorphous polymer chain
segment contributes to enlarged free volume (Ramlli
& Isa, 2016).

Meanwhile, the further incorporation of 20wt-%
and 30wt-% rearranges the polymer chain
interaction, causing the crystallinity index to increase
as high as 29.79% and 41.89%, respectively. The
increase of crystallinity index of the present sample
provides lesser free volume which in turn decreases
the ionic conductivity upon the addition of
ammonium salt at a lower composition (Mazuki et
al., 2019). Previous work revealed that the 30 and
40 wt.% of NHiBFs caused more crystalline and
high-intensity peaks as indicated in the XRD spectra
(Brza et al., 2020).

Thermogravimetry Analysis (TGA)

Besides good mechanical performance at high
temperatures, the polymer electrolyte must have high
thermal stability to prevent thermal runaway
reactions in lithium-ion batteries (Xiong et al., 2014).
Thermal degradation, generally, consists of some
stages, including dehydration, depolymerization, the
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glycosidic units decomposition and the formation of
carbon residue (Shaikh et al., 2022). On the other
hand, the decomposition temperature indicates that
the polymer membranes break down into oligomers
and monomers, leading to thermal runaway (Yazie
et al., 2023). Thermogravimetric analysis (TGA) is a
technique in which a material is subjected to
controlled heating, causing its decomposition and
the subsequent breaking of molecular bonds. This
method is fundamental for assessing the thermal
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stability of materials. TGA curves and DTG (first TGA
derivatives) of SPE membranes are presented in
Figure 7 and tobulated in Table 2. As the host
polymer, CMC experiences water removal below
200°C as high as 10-15%. The first degradation
phase at 266.21 - 312.05 °C is the decomposition of
the CMC-polymer chain with the maximum
degradation rate occurring at  273.18. The
decarboxylation thermal decomposition occurs at
479.65 °C.

Area=5.671
dx=84.77

Crystalline area = 3.42

26 ()
(ii) (A) C.I. = 60.30%

Area=12.07
dx=85.00

Crystalline Area = 1.508

26 ()

(i) (C) C.I. = 12.94%
08500

Crystalline Area: 6.00

20 ()
(i) (E) C.I. = 41.89%

Figure 6. (i) XRD spectra and (ii) Deconvoluted-XRD spectra for (A) pure CMC; (B) CMC/PVA (80/20); (C)
CMC/PVA (80/20) + 10% wt CH3COONH,; (D) CMC/PVA (80/20) + 20 %wt CH3COONH, and (E)

CMC/PVA (80/20) + 30 %wt CH3COONH4
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Figure 7. Thermogram of (a) TGA and (b) DTG for (A) pure CMC; (B) CMC/PVA (80/20); (C) CMC/PVA
(80/20) + 10% wt CH3;COONHy; (D) CMC/PVA (80/20) + 20 %wt CH;COONH, and (E) CMC/PVA

(80/20) + 30 %wt CH3COONH,

Table 2. Decomposition temperature for CMC, CMC/PVA blend and CH3;COONH;,-

complexed CMC/PVA (80/20) blend

Membrane composition Tonset (°C)  Toftset (°C)  Trax 1 (°C)  Trmax 2 (°C)
CMC (100) 266.21 312.05 273.18 292.04
CMC/PVA (80/20) 268.12 319.68 307.67 -
CMC/PVA (80/20) + 10wt%-CH;COONH, 258.04 320.82 263.15 311.98
CMC/PVA (80/20) + 20wt%-CH;COONH, 255.56 321.89 262.46 311.75
CMC/PVA (80/20) + 30wt%-CH;COONH, 269.91 324.75 276.84 -

The CMC/PVA (80:20) blend membrane
degrades from 268.12 to 319.68 °C with weight loss
of as much as 55.45%. The maximum degradation
rate can appear at 307.67%, indicating the main
polymer-chain degradation. The onset degradation
temperature of the CMC/PVA (80/20) blend
membrane has a higher temperature compared to
pure CMC-based membrane. The combination of
PVA into the blend membrane contributes to an
increase in the onset degradation temperature.
Previous work revealed that the polymer blending
technique is an important technique to improve the
thermal stability of polymer electrolytes (Yazie et al.,
2023). The thermal stability of polymer blends is
influenced by the bond energies within their high
molecular weight structures, the types of intra- and
intermolecular forces, the degree of unsaturation and
branching, the length of polymerization segments,
their composition, and the degree of crystallization in
the blends (Yazie et al., 2023; Stivala & Reich, 1980;
Tomié, 2019).

The SPE membrane of 10wt-% CH3;COONH,-
complexed CMC/PVA (80/20) blend started to
degrade first at 258.04 to 320.82 °C with weight loss
of as much as 49%, and the maximum degradation
rate can be observed at 263.15 °C. The addition of
20wt-% CH3;COONH,-complexed CMC/PVA (80/20)

blend started to degrade at 255.56 to 321.89 °C with
weight loss as high as 51.84% and the maximum
degradation rate can be observed at 262.46 and
311.75°C. The addition of 10wt-% and 20wt-% salt
decreased the thermal stability. This is due to the
formation of complexation between the ammonium
cation (NH4*) of ammonium acetate salt with the
hydroxyl group of the polymer (Hirankumar et al.,
2005).

The addition of 30wt-% CH3;COONH, salt started
to degrade at 269.91 to 324.75 °C with weight loss
as high as 50.19%, and the maximum degradation
rate can be observed at 276.84°C. In line with some
characterization results, the addition of 30wt-%
CH3COONHj; incorporation has high stability which
previously correlated with the molecular interaction
and physical performance such as tensile strength
and crystalline performance. The thermal stability
could be aftributed to strong hydrogen bond
interaction, rigidity and high crystallinity index.
Previous work found that the incorporation of filler
enhanced the thermal stability of polymer electrolytes
(Shyly et al., 2022).

CONCLUSIONS
The SPE membranes' molecular vibrations and
physicochemical performance were evaluated. SPE

498



Molecular Vibration and Physicochemical

membranes of CMC/PVA (80/20) blend complexed
to various weight percentages (10, 20, and 30wt-%)
of CH;COONH; salt were prepared by using the
casting solution method. Based on the results, the
10wt-% CH3COONH;-complexed CMC/PVA (80/20)
has the highest proton conductivity of 3.93x10-
S/cm with tensile strength of 13.03 MPa and lower
Young’s modulus of 400 MPa among others. lts
higher ionic conductivity was influenced by the
crystallinity index decrement of 12.94%, but it still
offers good thermal stability at intervals 258.04 —
320.82 °C. Further characterization should be
conducted to support its application for proton
batteries.
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