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Abstract  In this study, different weight percentages 
of Mg(NO3)2 were added to a polymer blend com-
posed of chitosan (CS) and methylcellulose (MC). 
The solution casting method was adopted to prepare 
the polymer electrolyte films. As the host matrix, the 
polymer blend consists of 70 wt.% of CS and 30 wt.% 
of MC. The interactions between the blend and the 
Mg(NO3)2 salt were revealed by FTIR analysis. The 
deconvolution of XRD peaks followed by the calcula-
tion of crystallinity indicates that the electrolyte sam-
ples were amorphous. The bulk resistance decreased 
with increasing salt content, according to the results 
of electrical impedance spectroscopy (EIS), and this 

was caused by the influence of carrier concentration. 
The sample containing 30 wt.% of Mg(NO3)2 was 
determined to have a maximum value of DC conduc-
tivity of 2.12 × 10–5 Scm−1 at room temperature by 
EIS analysis. The highest conducting film’s potential 
stability was found to be 3.65 V. It was found that the 
ion transference number was 0.86. The performance 
of the magnesium ion battery was then evaluated 
after it was built using the highest conducting poly-
mer electrolyte. Considering this, the current work 
proposes an eco-friendly, practical, and affordable 
electrolyte appropriate for making electrochemical 
devices.
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Introduction

Electronic appliances such as smartphones, tablets, 
computers, and other similar devices have become 
ubiquitous household items, resulting in an increase 
in demand year after year. Almost all portable elec-
tronic devices and electric vehicles contain an energy 
storage system. Batteries and capacitors are the two 
main types of energy storage devices. The battery is 
made up of an anode, a cathode, and an electrolyte. 
The electrolyte helps transfer ions between the elec-
trodes. A solid-state energy storage device can be 
constructed by inserting the solid polymer electrolyte 
between the cathode and anode. The solid polymer 
electrolyte thus serves as both an electrolyte and a 
separator (Wang et al. 2017). The advantages of solid 
polymer electrolytes include their non-volatility, leak-
proof nature, wide electrochemical stability window 
(ESW), and ease of preparation (Khiar et al. 2018).

While lithium batteries can create short cir-
cuits due to dendrite formation, magnesium can be 

electrodeposited without any dendrite growth (Man-
juladevi et al. 2018a, b). Compared to lithium, mag-
nesium is a better choice for use in batteries due to its 
advantages, such as being less expensive, more preva-
lent, having a higher energy density, being consider-
ably safer, and being easier to prepare electrodes in 
an atmosphere filled with oxygen (Manjuladevi et al. 
2018a, b). Because of the innate benefits of magne-
sium metal, magnesium batteries have been proposed 
as a substitute for next-generation  batteries. Proper-
ties such as superior ionic conductivity, high ionic 
transference number, a wide operating temperature 
range, etc.,  are desirable in polymer electrolytes for 
energy storage device applications (Mazuki et  al. 
2018). Unique properties of biopolymers include their 
low cost, renewable nature, compatibility with a wide 
range of solvents, abundance, excellent film forma-
tion, and biodegradability. The polymer blend tech-
nique can be used to produce a polymer blend with 
additional sites for ionic conduction (Aziz et al. 2017). 
Compared to using single polymers, blending poly-
mers is the most effective way to increase ionic con-
ductivity. By blending techniques we can upgrade the 
properties of individual polymer constituents (Aziz 
et al. 2020c). The primary benefit of polymer blends 
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is easy control of physical properties through com-
positional changes. Blending is also one of the most 
efficient ways to enhance amorphous content while 
reducing crystalline content, which is impossible to 
achieve when utilizing single polymers (Aziz et  al. 
2020a, b, c; Kesavan et al. 2015). Salman et al. (2018) 
prepared a polymer electrolyte of CS:MC by incorpo-
rating lithium tetrafluoroborate and reported a room 
temperature conductivity value of 3.74 × 10–6 Scm−1. 
Abdullah et al. (2021b) synthesized a polyblend elec-
trolyte of CS:MC by adding lithium iodide (LiI) as 
salt and got an ionic conductivity value of 6.26 × 10–6 
Scm−1 for 40 wt.% of LiI salt. Even though Li-salt 
is thought to be the finest salt for creating polymer-
salt complex electrolytes, it has a lot of disadvantages 
and is only found in small amounts in nature. To find 
an alternative salt with equivalent electrochemical 
characteristics, magnesium has been identified as a 
potential candidate. Researchers have worked on sin-
gle as well as blended polymers by doping magne-
sium salts to get polymer electrolyte films. Polu et al. 
(2013) prepared a polymer electrolyte of poly(vinyl 
alcohol) (PVA) with Mg(NO3)2 as salt and obtained 
an ionic conductivity value of 7.36 × 10–7 Scm−1. 
Manjuladevi et  al. (2018a) have synthesized a blend 
polymer electrolyte by doping 0.3 m.m.% Mg(NO3)2 
with PVA:poly(acrylonitrile) (PAN) which exhibited 
an ionic conductivity of 1.71 × 10–3 Scm−1. Numer-
ous blend electrolytes based on PVA:poly(vinyl pyr-
rolidone) (PVP), PVA:poly(ethylene glycol) (PEG), 
and poly(vinylidene fluoride) (PVDF):PVA have also 
been reported. These blends are made of synthetic 
polymers, which are detrimental to the environment 
because they cannot be decomposed easily.

This study is to develop potential magnesium ion 
conducting  solid biodegradable blend polymer elec-
trolytes (SBPEs) for battery applications that contain 
chitosan (CS) and methylcellulose (MC) as individ-
ual polymers. To solvate cations, the polymer used 
as the matrix needs to have polar groups in its back-
bone (Aziz et al. 2020b). MC has lone pair electron-
containing functional groups such as OH, glycosidic 
bond, and methoxy groups (Nadirah et  al. 2020), 
whereas  CS has  functional groups such as amine, 
OH, and glycosidic (C–O–C) bond groups for ion 
conduction.

The SBPE system CS:MC has received much 
attention recently due to its exceptional qualities 
such as  abundance, non-toxicity, environmental 

friendliness, and strong film-forming ability (Dan-
noun et  al. 2020; Abdullah et  al. 2019; Aziz et  al. 
2021). Ionic conductivity of 3.74 × 10–6 Scm−1 was 
obtained by Salman et  al. (2018) by adding lithium 
tetrafluoroborate to CS:MC blend polymer. Ammo-
nium thiocyanide was used as a dopant by Aziz et al. 
(2019), who reported that the ionic conductivity of 
the CS:MC blend electrolyte was 2.81 × 10–3 Scm−1. 
There is very little study on CS:MC blends with 
magnesium salts, and there have been no studies on 
Mg(NO3)2 doped SBPE based on CS:MC for applica-
tion in magnesium ion batteries.

The present work aims to prepare the biopolymer 
blend CS:MC with different amount of Mg(NO3)2 salt 
by the solution casting technique, and the prepared 
SBPE were characterized by x-ray diffraction analysis 
(XRD) which confirms the amorphous nature of the 
polymer electrolyte, Fourier transform infrared spec-
troscopy (FTIR) which confirms interaction between 
the salt and the polymer blend matrix, AC impedance 
analysis which gives the conductivity and the high-
est conducting blend polymer electrolyte has been 
employed in the battery studies which gives an excel-
lent open circuit voltage.

Experimental

Materials and method

Chitosan (Viscosity 200 cps), methylcellulose (Vis-
cosity 350–550 cps), graphite (C), and Mg metal 
powder were procured from Loba Chemie Pvt ltd. 
Mg(NO3)2 salt and acetic acid were procured from 
S.D. fine-chem. Pvt. limited., Mumbai, India. Manga-
nese dioxide having a molar mass of 86.93 g/mol was 
procured from Labogens fine Chem, Punjab, India. 
Iodine (I2) was obtained from Loba Chemie Pvt. Ltd. 
All were used as such without any further purifica-
tion to prepare the SBPE. The polymer electrolyte 
samples were prepared according to our previous 
work (Nayak et  al. 2022). For a few hours, methyl-
cellulose and  chitosan are continuously stirred with 
a magnetic stirrer in 1% acetic acid solvent to obtain 
a homogenous solution. The composition of salt and 
polymers expressed in weight percentage is tabu-
lated in Table  1. with reference to the article (Aziz 
et al. 2019). The most amorphous blend matrix is one 
with 70 wt.% of CS and 30 wt.% of MC (Aziz et al. 
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2020b). Thus, we choose to employ it in this study 
as the polymer matrix doped with a different weight 
percentage of Mg(NO3)2 salt varying from 0 to 30 
wt.%. To prepare these biopolymer electrolyte com-
plexes, homogenous solutions were carefully cast  in 
Petri dishes and kept in a hot air oven at 60 °C for a 
few days. The films were then detached from the Petri 
dishes and kept in a desiccator at room temperature 
for further analysis. The prepared films had a thick-
ness that varied from 100 to 200 µm.

An Mg (anode)/(CS–MC–Mg(NO3)2) (70–30–30)/
(cathode) electrochemical cell was constructed using 
the highest conducting SBPE film, and the perfor-
mance of the cell was studied. Anode preparation: 
Magnesium metal of diameter 13  mm was used as 
the anode. Cathode preparation: Iodine (I2), graphite 
(C), and the highest conducting SBPE were mixed 
and pressed under a 5-ton pressure to make a pellet 
with a diameter of 13 mm (cell 1), and MnO2 and C 
were combined in a 3:1 ratio to produce another pellet 
(cell 2), both of which were used to analyze the per-
formance of the primary battery.

Instrumentation

Rigaku Miniflex 600 (5th gen) Cu Kα (λ = 1.54  Å) 
radiation was used for XRD studies (14 kV, 15 mA). 
With a 0.02° step size, the scanning angle range of 2θ 
was 3° to 80°. XRD is utilized to show the amorphous 
nature of the polymer electrolyte samples. The FTIR 
investigations were carried out using a Shimadzu IR 
spirit ATR-FTIR spectrometer with a resolution of 
4 cm−1 in the wavenumber range of 4000–400 cm−1. 
The complexation between the polymer mixture and 
the magnesium salt was confirmed using FTIR.

The room temperature electrical conductivity of 
the SBPE samples was measured utilizing the preci-
sion impedance analyzer model number IM 3570, 
Hioki corporation, Japan, at a frequency range of 
100  Hz to 5  MHz with ac voltage of 100  mV. The 
SBPE was inserted between the two stainless steel 
blocking electrodes having a contact area of 1.13 cm2 
to measure the real (Z′), imaginary (Z″) part of com-
plex impedance. A field emission scanning electron 
microscope (CARL ZEISS) at 25  kX magnification 
was used for microstructural studies. With the use of 
Keithley source meter 2636B, the SBPE’s potential 
stability was evaluated.

Using the Wagner polarization technique, trans-
ference number measurements (TNMs) were done 
at room temperature using the Keithley source 
meter 2636B by monitoring the polarization cur-
rent as a function of time. With the cell arrangement, 
Mg ǀ CMN30 ǀ Mg, between −1 V and + 1 V, and a 
scan rate of 100  mV/s, a cyclic voltammogram was 
recorded using a potentiostat (CH Instruments model 
600E series).

Results and discussion

XRD analysis

Figure  1 illustrates the x-ray diffraction pattern of 
pure blend and Mg salt-doped polymer electro-
lyte films. The XRD peak of CS occurs at 11° and 
20° (Khiar 2018). For MC, the typical peaks will 
be around 8.5° and 20° (Aziz et  al. 2020a; Abdul-
lah et al. 2021a). It should be noted that two distinct 
concave peaks can be seen from the XRD pattern of 
the CS:MC system (see Fig. 1). All these peaks were 

Table 1   Sample 
designation and weight 
percentage of each 
component

Sample designation Polymer CS (g) Polymer MC (g) Dopant 
(Mg(NO3)2) 
(g)

CMN0 1.44 0.56 –
CMN5 1.33 0.57 0.10
CMN10 1.26 0.54 0.20
CMN15 1.19 0.51 0.30
CMN20 1.12 0.48 0.40
CMN25 1.05 0.45 0.50
CMN30 0.98 0.42 0.60
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superimposed with the amorphous hump background. 
The XRD pattern of the blend consists of the contri-
bution from the CS and MC. Therefore, on deconvo-
lution, the contribution from both components has to 
be considered. Thus, the peak assignments have been 
assigned by considering the crystalline peaks of the 
components. The blending of MC with CS reduces the 
crystalline nature of CS because of the strong interac-
tion of MC with the CS and disrupting the hydrogen 
bonding of CS (Kumari et al. 2012; Liu et al. 2013; 
Kanimozhi et  al. 2016). It is well known that ion 
migration occurs through the amorphous region, and 
higher amorphosity means easier ion migration (Arya 
and Sharma 2019). Earlier research on polymeric sys-
tems indicated that an increase in the broadness of 
the XRD peak suggests an increase in the amorphous 
fraction (Bdewi et al. 2016; Kumar et al. 2015). Intra-
molecular interactions between Mg2+ and functional 
groups in both CS and MC chains, as evident from 
FTIR studies, diminish the crystallinity of the PE sys-
tem at low salt concentrations.

The XRD peaks were deconvoluted utilizing Fityk 
computer software (Wojdyr et al. 2004), and accord-
ing to the equation

where Ac and Aa indicate the area under the crystal-
line peak and amorphous peak, respectively, as shown 
in Fig.  2 (a–g). The computed values of the degree 
of crystallinity of different poly-blend electrolyte 

(1)Xc =
Ac

Aa + Ac
100%

systems are shown in Fig. 2 (h). The calculated val-
ues of the degree of crystallinity of the different 
polymer electrolyte systems indicate that these sam-
ples are amorphous in nature, and this facilitates ion 
conduction.

FTIR study

FTIR measurements were carried out to confirm the 
interactions between the CS: MC blend polymers 
and the Mg(NO3)2 salt (Sownthari and Suthanthi-
raraj 2013). Complexation occurs when the functional 
groups in the polymer matrix  and metal salt ions 
coordinate. If complexation has occurred, this inter-
action will change/shift the intensity of the absorption 
band, which will influence the local structure of the 
polymer backbone and the active infrared modes of 
vibration (Manjuladevi et al. 2018a). The C–O bond 
in ether was found to have a bending peak around 
1057 cm−1 for MC polymer (Aziz et al. 2020b).

The peak at 1026  cm−1 in the IR spectra cor-
responds to the C-O stretch in the polymer back-
bone. A peak around 2900  cm−1, is associated with 
the C–H stretching mode. This peak is then shifted 
towards a higher wavenumber when the salt con-
centration is raised, which explains the interac-
tion between the C–H of polymer and NO−

3
 of salt. 

The C = O (amide I) stretching and -NH (secondary 
amide II) bending bands are located at 1641 cm−1 and 
1550  cm−1, respectively, in the blended film’s spec-
tra, as shown in Fig. 3. Table 2 lists these band posi-
tions, which are almost identical to those reported in 
other investigations (Wang et al. 2017; Buraidah and 
Arof 2011; Kadir et  al. 2011). The absorption band 
caused by −OH stretching is found in a broad peak 
form at 3626–3132  cm−1, arising from adding salt 
to the system. The doping has brought about a sig-
nificant change in the band position as well as in the 
band structure with a prominent shift in the -OH peak 
(Jeyabanu et al. 2018). It may be deduced from these 
FTIR investigations that the Mg(NO3)2 salt and the 
CS:MC blend have formed a complex. The forma-
tion of the ion dipole between the NO−

3
 anion with 

the C − H group has resulted in the shift in peak cor-
responding to C − H stretching. The band observed 
at 1411  cm−1 corresponds to −CH2 bending and 
the peak at 1379  cm−1 ascribed to CH3 symmetri-
cal deformation of chitosan polymer (Lawrie et  al. 
2007). FTIR spectra of Mg(NO3)2.6H2O salt exhibits 

Fig. 1   XRD pattern for pristine and poly-blend doped with 
various amounts of Mg(NO3)2
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bands at 3347 cm−1 that corresponds to −OH stretch-
ing, band at 1647  cm−1 ascribed to N = O bending, 
a prominent broad band at 1351 cm−1 corresponds to 
combined effect of N = O bending and N − O stretch-
ing and a band at 818  cm−1 corresponds to out of 
plane deformation mode of NO−

3
(Graham et al. 2016).

The Mg(NO3)2 salt’s possible interaction with the 
poly-blend is shown in Fig.  4. Mg2+ acts as Lewis 
acid, and NO−

3
 act as Lewis base. The shift in the 

wavenumber of the -OH band indicates the forma-
tion of ion–dipole Mg2+…….OH complex (Fig. 4). A 
Lewis acid–base adduct, a compound that contains a 
coordinate covalent bond between the Lewis acid and 
the Lewis base is formed. The interaction between 
two polymers in a polymer blend is caused by hydro-
gen bonding (Nadirah et al. 2020).

Transport parameters

To understand the prominent parameters that have 
influenced the ionic conductivity in the electrolyte 
transport parameters: charge density (�) , Ionic mobil-
ity (µ), and diffusion coefficient (D) are evaluated 
from FTIR deconvolution technique using non-linear 
fitting software. For the FTIR deconvolution, the 
region between 1200 to 1500  cm−1 has been chosen 
since the peak at 1351  cm−1 corresponds to various 
modes of NO−

3
 an anion that overlaps in this region. 

This wavenumber region from 1200 to 1500  cm−1 
that is chosen for deconvolution is reflected in the 
work of Shetty et  al. (2021) for the solid polymer 
electrolyte systems.

Fall of NO−
3
 a peak in the wavenumber region 

between 1200 to 1500  cm−1 has brought about a 
change in the intensity and band structure. The change 
that is observed in this region is due to the interac-
tion between NO−

3
 ion via hydrogen bond with the 

functional group present in the polymer blend. The 
deconvoluted FTIR spectra consist (Refer to Fig. 5) of 
4 bands, the band observed between the wavenumber 
region 1323 to 1326 cm−1 corresponds to the free ani-
ons and the band observed at the higher wavenumber 

side from 1399 to 1406 cm−1 corresponds to contact 
ion pairs since the energy required to form contact 
ion pairs is more than that of the free anion, therefore, 
band at higher wave number corresponds to contact 
ion pairs (Saadiah et al. 2020).

The percentage of free anions available in the bulk 
of the poly-blend is evaluated by considering the area 
under the free anions 

(

Af

)

 and contact ion 
(

Ac

)

 peak 
in the deconvoluted spectra using Eq. (2)

Transport parameters: charge density (�) , Ionic 
mobility (µ), and diffusion coefficient (D) are evalu-
ated from the following Eqs. (3), (5), and (6)

where M is the number of moles of dopant 
( Mg(NO3)2) , NA is the Avogadro’s constant (6.02 
× 10

23/mol), VTotal is the total volume of the SPEs sys-
tem, kB is the Boltzmann constant (1.38 ×10−23 JK−1 ), 
T is the absolute temperature in Kelvin and e is the 
electric charge (1.602 ×10−19 C).

Impedance analysis

The Nyquist plots of pristine and doped PEs are shown 
in Fig. 6. An inclined spike and a depressed semicircle 
can be seen in a Nyquist plot of a pure poly-blend sam-
ple. (Perumal et  al. 2019). The polymer electrolyte’s 
bulk resistance and capacitance cause the high-fre-
quency semicircle, while the free charge accumulation 

(2)

Percentage of free anion (%) =
Af

Af + Ac

× 100%

(3)� =
MNA

VTotal

× free ion(%)

(4)
VTotal =

[

weight
density

(CH)
]

+
[

weight
density

(MC)
]

+
[

weight
density

(

Mg
(

NO3
)

2.6H2O
)

]

(5)� =
�

�e

(6)D =
kBT�

e

Fig. 2   (a)-(g) XRD deconvoluted pattern for different poly-
blend electrolyte systems and (h) variation of percentage of 
crystallinity with weight percentage of the salt

◂
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at the electrode/electrolyte interface causes the low-
frequency spike’s blocking capacitance (Pritam et  al. 
2019). In our study, a high-frequency semicircle and a 
low-frequency non-vertical spike have been observed 
for the biopolymer electrolyte CMN0 and all other 
compositions of poly-blend with different concentra-
tions of Mg(NO3)2 salt (Kiruthika et  al. 2020). The 
high-frequency semicircle presents bulk conductance, 
equivalent to the parallel combination of bulk resist-
ance (Rb) and bulk capacitance of the PE (Abdulka-
reem 2021). While the low-frequency region exhibits 
behavior similar to a constant phase element (CPE), 
the high-frequency region exhibits an association of 
bulk resistance and bulk capacitance [2]. The leaky 
capacitor and CPE are analogous. The depressed semi-
circle can be explained through the CPE rather than a 
capacitor, and the low-frequency tail is introduced as 
another CPE. A resistor is described as the migration 
of the Mg2+ ion, whereas a capacitor is the immovable Fig. 3   FTIR spectrum of magnesium salt, pure blend, and 

pure blend added with different weight rastios of Mg(NO3)2 
indicating the wavenumber change of the main bands

Table 2   The FTIR peaks 
for pristine and Mg(NO3)2 
added poly-blend electrolyte 
samples

Band Assignment Wave Number (cm−1)

CMN0 CMN5 CMN10 CMN15 CMN20 CMN25 CMN30

-OH Stretching 3357 3277 3276 3276 3277 3277 3277
C-H Stretching 2918 2920 2919 2917 2932 2924 2932
C = O Stretching 1641 1639 1641 1640 1640 1640 1649
-NH Bending 1550 1550 1549 1545 1544 1550 1550
C-O Bending 1057 1058 1058 1058 1058 1061 1057
C-O Stretching 1026 1024 1024 1024 1024 1021 1021

Fig. 4   Possible Interaction 
scheme of Mg(NO3)2 with 
the poly-blend CS:MC
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polymer backbone chain that polarizes in the alternat-
ing field (Rani et  al. 2015; Sownthari and Suthanthi-
raraj 2013).

Impedance analysis was carried out to arrive at the 
ionic conductivity (�) of the poly-blend system using 
the relation (7)

where t is the thickness of the film, A is the contact 
area of the sample with the electrode and Rb is the 
bulk resistance of the sample that is obtained by fit-
ting the Nyquist plot using EIS spectrum analyzer 
software (Bondarenko 2005) with less than 10% error 
using an equivalent circuit as depicted in Fig. 6.

A clear picture of ionic conductivity correlation 
with transport parameters is understandable from 
Fig.  7. Charge carrier density (η) increased with 
increased salt concentration, indicating the dissocia-
tion of salt by the functional group of the polymer. 
Direct correlation of η with conductivity ( σ ∝ η) 
was not observed due to a fall of ionic conductiv-
ity in the case of CMN10 and CMN25 samples and 
is due to a decrease in ionic mobility and diffusivity 
as per the transport parameters calculated from FTIR 
deconvolution technique and justified due to increase 
in crystallinity that may hinder the motion of ions in 
the SBPE system. CMN20 sample exhibited the high-
est diffusion coefficient and mobility and is due to a 
decrease in crystallinity due to polymer-ion interac-
tion. From impedance spectroscopy analysis, it has 
been found that the SBPE CMN30 has the highest 
ionic conductivity value of 2.12 × 10–5 Scm−1.

Frequency‑dependent study of conductivity:

Figure  8 shows the frequency-dependent ac con-
ductivity of the SBPE with various amounts of 
Mg(NO3)2. The below Fig.  8 shows three distinct 
regions, that is, low-frequency dispersion region 
which shows the space charge polarization at the 
blocking electrode, a middle-frequency independ-
ent plateau region showing the DC conductivity of 
the prepared SBPE due to ion migration to neigh-
boring sites and the high-frequency region which 
indicates the bulk relaxation process (Rathika and 
Suthanthiraraj 2016).

(7)(�) =
t

RbA

SEM analysis

SEM images can be used as an effective tool to 
gain information about the morphological aspects 
of the solid polymer electrolyte samples. The SEM 
micrographs of the pure blend and blend doped 
with various concentration of Mg(NO3)2 salt is 
shown in Fig.  9. The detection of phase separa-
tions and interfaces using SEM has been widely 
used to investigate the compatibility between dif-
ferent components of blended polymer electro-
lytes. CMN0 has smooth surface morphology due 
to the absence of salt in the blend matrix. CMN5 
and CMN10 are almost similar with an intergran-
ular appearance on the surface without any phase 
separation. While in CMN15 and CMN20 with 
the increase in salt concentration there might be 
an increase in the interaction of salt with polymer 
chains, hence the occurrence of pores on the sur-
face can be observed. These pores facilitate the 
movement of ions and segmental motion of the 
polymer matrix (Yap et  al. 2013), hence the crys-
tallinity decreased, as depicted in XRD studies. 
Furthermore, with the increase in salt concentra-
tion (CMN25 and 30) the surface was wrinkled 
and has minute pores indicating enhanced interac-
tion between them. Moreover, in all the salt-con-
taining blends as there is no agglomeration of salt 
on the surface of the blend electrolyte systems, the 
smooth surface aids the free transfer of ions within 
the polymer matrix and is similar to enhanced 
number density data (Abdulkareem 2021).

I‑V Characterization

The ESW of the SBPE samples has been studied 
and the I-V plot of the same is shown in Fig.  10. 
The current begins to progressively increase as the 
potential increases. The ESW of the SBPE sam-
ples has been calculated and presented in Table  3. 
It was found that the ESW gradually raises and 
reaches a maximum value of 3.65  V for 30 wt.% 
of Mg(NO3)2. This implies that the magnesium-ion 
conducting SBPE system is electrochemically stable 
up to 3.65 V, which is an acceptable range for use 
in magnesium-ion primary batteries (Manjuladevi 
et  al. 2018a). The maximum ESW of 2.05  V was 
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obtained for the SBPE based on pectin with MgCl2 
reported by Kiruthika et  al. (2020), Manjuladevi 
et al. (2018a) reported a stability window of 3.4 V 
for the PVA:PAN blend with magnesium nitrate as 
a salt. The obtained ESW value is better than the 
reported values.

Transference number measurement (TNM)

Studying the TNM is essential to employ the SBPE 
in device applications. A TNM investigation is used 
to determine the dominant charge carrier species 
(Manjuladevi et al. 2017). The total ion and electron 
transference numbers can be calculated using the 
following equations:

where Ii is the starting current and Iss is the steady-
state current (Polu et al. 2015).

Figure  11 shows the electrolyte polarization at 
0.5 V. At first, both the ion and the electron cause a 
significant current value. The electrodes were made 
of SS, which is known to block ions, so the current 
value decreased noticeably before stabilizing (Aziz 
et  al. 2019). The highest conducting SBPE’s total 
ion transport number was found to be 0.86. It was 
found that ions were the dominant charge carriers 
(Ponmani et al. 2018; Polu et al. 2012).

Cyclic voltammogram (CV) studies

For use in Mg batteries, the electrochemical revers-
ibility of Mg/Mg2+ from an SBPE needs to be thor-
oughly studied. The following two symmetrical cells 
were subjected to CV measurements using SBPE 
with 30 wt.% of Mg(NO3)2.

First cell: SS/CMN30/SS.
Second cell: Mg/CMN30/Mg.

(8)tion =
Ii − Iss

Ii

(9)t
ele

= 1 − t
ion

Figures 12 (a) and (b) show the first cell’s and sec-
ond cell’s CV plots, which were obtained at a scan-
ning rate of 100 mVs−1. The CV trace shows a dis-
tinct cathodic and anodic peak for the second cell, 
while the first cell does not have such peaks (Fig. 12). 
The first cell has a higher current magnitude than 
the second cell. The second cell CV also displays an 
anodic peak and a minor cathodic peak. This shows 
that cathodic deposition and anodic magnesium dis-
solution at the electrode/electrolyte interface occur 
in the second cell. This confirms the compatibility of 
Mg ions in the prepared SBPE (Cyriac et al. 2022).

Study of Mg ion primary battery

To study the practical applicability of these polymer 
electrolytes for primary batteries, a primary magne-
sium ion battery is built by incorporating the high-
est conducting sample i.e., CMN30 as the electrolyte 
in between the magnesium metal pellet (anode) and 
cathode materials using the battery holder. Choosing 
the anode materials in solid-state batteries depends on 
the mobile species in the electrolyte (Radhakrishna 
1990). In this work, a magnesium metal pellet is used 
as an anode material. To study the influence of elec-
trode material on the performance of the battery, we 
have chosen two types of cathode materials. One of 
the cell systems is Mg/CMN30/(I2 + C + CMN30) 
designated as cell 1 and the other one is Mg/CMN30/
(MnO2 + C) designated as cell 2. In cell 1, iodine 
plays the role of “active cathode.” Having graphite 
increases the cathode material’s electronic conduc-
tivity (Rao et al. 2012). With the addition of polymer 
electrolytes, the cathode mixture has a larger surface 
area for interfacial contact, which lowers interfacial 
resistance and improves battery performance (Aus-
tin 1973). The cell parameters are listed in Table  4. 
In cell 1, an initial OCV of 1.66 V (Refer to Fig. 13a) 
was reduced to 1.50 V and maintained the same for 
24 h. After connecting a load of 100 kΩ, the voltage 
of 1.50 V was reduced to 1.03 V during the time dura-
tion of 24 h. Initially, 1.2 V is maintained constant for 
12  h, and this constant region is called the plateau 
region. In Cell 2 (Refer Fig. 13b), an initial OCV of 
1.92  V was reduced to 1.80  V and maintained the 
same for 24  h. After connecting a load of 100  kΩ, 

Fig. 5   FTIR deconvolution of CH ∶ MC ∶ Mg(NO
3
)
2
 electro-

lyte system in 1200–1500 cm−1 region
◂
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Fig. 6   Nyquist plot for 
pristine poly-blend and 
poly-blend doped with 
magnesium salt
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the voltage of 1.80 V was reduced to 0.89 V during 
the time duration of 10 h. The first rapid drop in cell 
voltage may have been due to polarization or the for-
mation of a thin layer of magnesium salt at the elec-
trode/electrolyte interface (Polu and Kumar 2013). As 
indicated in Table 5, the findings of the current inves-
tigation are comparable to those of earlier studies. 
The performance of the cell 1 is better than the cell 2 
because the discharge time for plateau region of cell 
1 is around 12 to 13 h whereas that of cell 2 is only 8 
to 9 h. This indicates that the present polymer electro-
lyte may be used in solid-state batteries.

Fig. 7   Variation of ionic 
conductivity (σ) (error bars 
shown as vertical lines 
within the data points), 
charge carrier concentration 
(η), mobility (µ), and dif-
fusion coefficient (D) with 
salt concentration

Fig. 8   Frequency-dependent ac conductivity of pure and salt 
doped blend electrolyte
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Conclusions

The solution casting approach was employed to 
synthesize the SBPE using CS:MC with the var-
ied quantity of Mg(NO3)2. CS and MC were used 
as the biopolymer blend matrix where ions pro-
vided by Mg(NO3)2 participate in the conduc-
tion process. The XRD analysis reveals that the 
prepared polymer electrolyte was amorphous in 
nature. FTIR study validates the complex forma-
tion between the biopolymer and the magnesium 
nitrate salt. From EIS analysis, it has been found 
that 30 wt.% magnesium nitrate added sample, 
i.e., CMN30, exhibits the highest ionic conductiv-
ity of 2.12 × 10–5 Scm−1 at room temperature. The 

Fig. 9   SEM images of pristine poly-blend and poly-blend 
incorporated with various amounts of Mg(NO3)2 salt

◂

Fig. 10   Current to voltage graph for the cell constructed with 
stainless steel (SS)/[CS: MC]: Mg(NO3)2/stainless steel (SS)

Table 3   ESW and tion of the prepared SBPE films

Polyblend electrolyte ESW (V) tion

CMN5 2.49 0.86
CMN10 2.97 0.90
CMN15 3.12 0.82
CMN20 3.45 0.83
CMN25 3.61 0.71
CMN30 3.65 0.86

Fig. 11   Transference number of electrolytes
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electrochemical stability for the highest conducting 
sample is found to be 3.65 V which is sufficient for 
practical applications in electrochemical devices 
such as a battery. The total ionic transference num-
ber of the highest conducting electrolyte was 0.86. 
The magnesium ion electrochemical cells assem-
bled using the CMN30 SBPE membrane which 
acts both as an electrolyte and separator show an 
open circuit voltage of 1.92 V at room temperature. 
Thus CS:MC:Mg(NO3)2 system demonstrates as 

Fig. 12   CV of (a) SS/CMN30/SS and (b) Mg/CMN30/Mg SBPE at a scan rate of 100 mVs.−1

Table 4   Parameters of the cell

Parameter Measured values

Cell 1 Cell 2

Area of the cell (cm2) 1.23 1.23
Effective diameter of the cell (cm) 1.30 1.30
Thickness of the cell (cm) 0.45 0.56
Weight of the cell (g) 1.36 1.59
OCV (V) 1.66 1.92

Fig. 13   (a) OCV of cell 1 (inset shows photo image of cell 1), (b) OCV of cell 2 (inset shows photo image of cell 2)
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an efficient SBPE for the futuristic magnesium ion 
batteries.
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