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Abstract
Based on the biopolymer Gellan gum with ammonium thiocyanate (NH4SCN) salt, solid electrolyte has been prepared with
distilled water as solvent, using solution casting technique. The prepared solid electrolytes are subjected to various characteri-
zation techniques such as XRD, FTIR, DSC, and Ac impedance technique. Amorphous/crystalline nature of biopolymer mem-
brane is studied by XRD. The polymer–salt complex formation has been studied by FTIR technique. Biopolymer membrane of
1 g Gellan gum with 1.1 M wt% of NH4SCN exhibits very high amorphous nature with a high proton conductivity of 1.41 ×
10−2 S/cm and a glass transition temperature (Tg) of 42.98 °C. Using the highest ionic conducting biopolymer electrolyte, proton
battery and fuel cell have been fabricated and their performance is studied. Proton battery constructed shows the open circuit
voltage of 1.62 V. A single fuel cell constructed using the highest conducting membrane gives the voltage of 580 mV.
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Introduction

The human life is unpleasant without the use of electronic
devices. The life span of the electronic device depends on its
power sources such as battery and components of battery. The
performance of the battery depends on its electrolyte. This
electrolyte must fulfill the following requirements such as
safety, consistent performance/accuracy, and stability there
by making the process easier for the ion transportation [1,
2]. The electrolytes are of various types like liquid electrolyte,
solid electrolyte, and polymer electrolyte. In the realm of poly-
mer electrolyte, the proton conducting polymer electrolyte has
received considerable attention in the view of their perspective
applications in electrochemical devices such as solid state

batteries, fuel cells, dye sensitized solar cell, super capacitors,
humidity sensor, gas sensors, and electrochemical windows
[3–13].

The main preference towards the solid polymer electrolyte
in solid state ionic devices raises due to their film forming
capacity of different size, flexibility, mechanical strength, pro-
cessability, ability of ion transportation, electrochemical sta-
bility, proper electrode–electrolyte contact, safety, long life,
no leakage, and light weight [14–16]. Blending of two poly-
mers, adding of inorganic filters, use of grafts, block co-poly-
mer, and adding plasticizers to the polymers are the methods
that can improve the properties of electrolytes [14–18].

Various types of solid polymer electrolytes such as PVC
[19], PAN [20–24], PVP [25], PEO [26], PVA [27–31], PGS
[32], and PMMA [33] have been explored in the development
of solid electrolyte system. But these polymers are synthetic-
based polymers. They posses very high cost and are non-bio-
degradable. The renewable form of energy is essential in re-
cent days to overcome the challenges like power crisis and
environmental pollution. Keeping the caution of environment
pollution and the cost efficiency in mind, the researchers re-
cently work on the development of natural polymers as elec-
trolyte, which will be a promising substitute to the synthetic
polymers. The preference towards the natural polymers is due
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to their abundant, environment friendly and biodegradable
nature, and very good mechanical and electrical properties.
Among the natural polymers, polysaccharides have good po-
tential as hosts for ionic conduction since they are cheap and
eco-friendly. The polysaccharides such as cellulose acetate,
starch, pectin, carbonyl methyl cellulose, carrageenan, tama-
rind seed, chitosan, agar-agar, and gums are used as polymer
electrolytes in the electrochemical devices [34–46]. S.
Selvalakshmi et al. has reported that the composition of 50
agar: 50 NH4SCN gives the conductivity of about 1.03 ×
10−3 S/cm [36]. S. Monisha et al. reported the conductivity
of 1.02 × 10−3 S/cm for the sample 50CA:50NH4NO3 [38].
M. Premalatha et al. has reported the conductivity of 1.58 ×
10−3 S/cm for the composition, 1 g TSP:0.4 g NH4Br [40]. G.
Nirmala devi et al. has reported for the composition,
60Dextrin:40NH4SCN providing the conductivity of 4.05 ×
10−4 S/cm [41]. M. Muthukrishanan et al. reported for the bio
polymer composition 40 Pectin: 60 NH4SCN having the con-
ductivity, 1.5 × 10−3 S/cm [42]. S. Karthikeyan et al. has re-
ported that 80% I-carrageenan: 20 wt% NH4Br gives the
highest conductivity 1.08 × 10−3 S/cm [44], etc.

In the present work, the Gellan gum polymer is taken as
the host polymer. Gellan gum is a water-soluble anionic
p o l y s a c c h a r i d e , p r o d u c e d b y t h e b a c t e r i um ,
Sphingomonous Elodea [47, 48]. It is a multifunctional
gelling agent. It can be used alone or can be used with
other products to obtain a wide interesting character, in-
cluding the thermo-reversible membranes (that shows the
reversible properties under heating and cooling). From the
view of chemical structure, the Gellan gum is a
h e t e r o p o l y s a c c h a r i d e c ompo s e d o f c omp l e x
tetrasaccharide repeating unit consisting of α-L-rhamnose
(Rha), β-D-glucose (Glc), and β-D-glucoronic acid (GlcA)
in the ratio of 1:2:1. Figure 1 shows the structure of Gellan
gum. It has been chosen because it contains good amount
of –OH group, to which cation of any salt can be attached
to increase the charge carrier. These are available as low
acyl that forms hard, brittle gels and high acyl that forms
soft, elastic, not brittle gels. This means that they can pro-
duce gel texture ranging from hard and brittle to fluid.

For the development of new contact lenses in the field of
ophthalmology, the Gellan gum is very helpful. As the Gellan
gum is edible, they are used in the food industry as a stabilizer
and food thickener [49–51].

The unique property of Gellan gum is its ability of produc-
ing solutions with low viscosity [49, 51]. Another important
property is that it has high thermal stability up to 120 °C and
highly transparent, because of which they can be applied in
electrochemical devices too. Due to abundance availability,
low cost, and easier process ability, the Gellan gum can also
be a best replacer in the biopolymer line for the non bio-de-
gradable, toxic, and harmful materials used in the commercial
electrochemical devices. Literature survey reveals that there
are very few reports in Gellan gum. S.R. Majid et al. has
studied lithium ion conductivity in Gellan gum blended with
PVP using LiClO4 [52]. I.S.M. Noor reported study of Gellan
gum with LiCF3SO4 [53, 54].

Ammonium salts are reported as they are very good proton
donors to the polymer matrix. The protonic transport in the
polymer membrane generally involves the motion of H+ ion.
Preparation of biopolymers with the ammonium salts has
attracted many researchers for the development of high
conducting biopolymer electrolyte. [29–32, 34–46, 55–57].

The objective of the present work is to synthesize the elec-
trolyte with a higher conductivity value and to apply the poly-
mer film for the electrochemical devices. The polymer elec-
trolyte based on Gellan gum doped with NH4SCN was pre-
pared, and the characterization was done using XRD for its
amorphous nature, FTIR for its chemical bonding, DSC for
the determination of glass transition temperature, and Ac im-
pedance spectroscopy for its conductivity measurement.
Proton battery and fuel cell have been fabricated, and their
performance are studied.

Experimental method

Materials and preparation

For the synthesis of the biopolymer electrolyte, the simplest
technique known as Solution Casting Technique has been
employed. In this work, the polymer, Gellan gum (Sisco
Research Laboratories Pvt. Ltd, India), is used as the raw
material. Double distilled pure water is used as the solvent to
dissolve the polymer. As the gelling temperature of the Gellan
gum is 35–40 °C (2% soln), to maintain the aqueous form and
to dissolve, the distilled water is heated above 90 °C and 1 g
Gellan gum was added pinch by pinch and stirred thoroughly

Fig. 1 Structure of Gellan gum
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using the magnetic stirrer. And then, the various M wt %
(0.8 M wt%, 1.0 M wt%, 1.1 M wt%, 1.2 M wt%) of
Ammonium Thiocyanate (Merck Specialities Private
Limited, India) were added to the host polymer. The solution
of various compositions were casted in the petri dishes and
kept in the hot air oven for around 60–80 °C for evaporation.
After 12 h, fine transparent free standing films of approxi-
mately 0.2- to 0.3-mm thickness were obtained. The obtained
films were subjected for various technical characterizations.

Characterization techniques

XRD

Using XRD, amorphous/crystalline nature of membrane was
studied. The XRD diffraction patterns for the samples were
obtained using the X’Pert PRO diffractometer using Cu-Kα
radiation operated with 40 kV/30 mA in the angle range (2θ)
of 10–80° at the rate of 2°/min.

FTIR

FTIR is meant for the vibrational study of the polymer mem-
brane. The prepared polymer membranes are subjected in the
SHIMADZU–IR Affinity-1 Spectrometer for the FTIR spec-
tra record. The spectra were recorded in transmission mode in
the range of 500–4000 cm−1 at room temperature with the
resolution of 1 cm−1. FTIR spectroscopy is performed by di-
rect acquisition method.

Impedance study

The Ac impedance measurement studies for the prepared sam-
ples were carried out by the HIOKI-3532 LCR HiTester in the
frequency range of 42 Hz to 5 MHz.

Thermal studies

The thermal studies were done by the DSCmeasurement. The
DSC measurements were performed using the DSC Q20
V24.11 Build 124 under nitrogen atmosphere in the tempera-
ture range from 20 to 200 °C at the heating rate of 10 °C/min.

Electrochemical discharge studies

Solid state battery is fabricated with the configuration, Zn +
ZnSO4. 7H2O + C| |1 g Gellan Gum + 1.1 M wt %
of NH4SCN||PbO2 + V2O5 + C + electrolyte, and the dis-
charge characteristics were studied at the ambient
temperature.

Transference number measurement

The transference number measurement is done using the
Wagner’s Polarization Technique with stainless steel elec-
trodes to find the dominant transport member.

Results and discussions

XRD

X-ray diffraction (XRD) analysis deals with the study of
crystalline/amorphous nature of the synthesized biopolymer
electrolyte. Figure 2 represents the XRD peaks of Pure 1 g
Gellan gum and 1 g Gellan gum with various compositions
such as 0.8 M wt% of NH4SCN, 1.0 M wt% of NH4SCN,
1.1 M wt% of NH4SCN, and 1.2 M wt% of NH4SCN salts.

The Pure Gellan gum shows intense peak at an angle of 2θ
= 6°, 10°, 19°, and 22°, which agrees with earlier report [51].
The XRD pattern of 1 g pure Gellan gum with different con-
centrations of NH4SCN salt (0.8, 1.0, 1.1, and 1.2 M wt%)
exhibits peaks at 2θ = 6°, 10°, 17°, 19°, and 22° (Fig. 3). The
peaks at 6° and 10° decrease in intensity for the 0.8, 1.0, and
1.1 M wt% of NH4SCN salt with Gellan gum. For the 1.2 M
wt% of NH4SCN salt with Gellan gum, the intensity of the
peaks at 6° and 10° slightly increase. Intensity of the peaks at
17°, 19°, and 22° decreases as the concentration of the salt

Fig. 2 XRD pattern of 1 g pure Gellan gum and various compositions
namely 1 g Gellan Gum: 0.8 M wt% of NH4SCN, 1 g Gellan gum: 1.0 M
wt% of NH4SCN, 1 g Gellan gum: 1.1 M wt% of NH4SCN, and 1 g
Gellan Gum: 1.2 M wt% of NH4SCN
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increases (0.8, 1.0, and 1.1 M wt% with NH4SCN salts with
Gellan gum). For biopolymer electrolyte 1 g Gellan gum with
1.2Mwt% of NH4SCN, the intensity of peaks at 17°, 19°, and
22° increases.

It is observed that broadness of biopolymer electrolyte 1 g
Gellan gum with different concentration of NH4SCN in-
creases compared to pure Gellan gum. The broadness is max-
imum for biopolymer electrolyte 1 g Gellan gum with 1.1 M
wt% of NH4SCN. Results of intensity and broadness of mem-
branes are in agreement with criteria suggested by Hodge et al
[58]. Peaks due to NH4SCN are not found in the biopolymer
electrolyte Gellan gum with different concentration of
NH4SCN. This indicates complete dissociation of salt.

The percentage of crystallinity has been calculated from the
formula using the deconvoluted XRD graph (xure 3)

Percentage of Crystallinity %Cð Þ

¼ Area under crystalline region

Total area of the peak
� 100%

The crystallinity percentage of the Pure Gellan gum is
found to be higher compared to the salt doped compositions
of Gellan gum, represented in Table 1. On analyzing the crys-
tallinity % for the various concentrations of NH4SCN salt-

doped Gellan gum, it is found that there is a decrease in crys-
tallinity % for increase in M wt% of the salt. For the polymer
electrolyte composition, 1 g Gellan gum with 1.1 M wt% of
NH4SCN, the crystallinity is comparatively very less, indicat-
ing more amorphous nature. Further for the highest concen-
tration, 1 g Gellan gum with 1.2 M wt% of NH4SCN, the
crystallinity increased.

FTIR

Fourier transform infrared (FTIR) spectroscopy is a versatile
technique used to study the complex formation between the
host polymer and the salt. The FTIR spectra of pure Gellan
gum and Gellan gum with various concentrations of salt (0.8,
1.0, 1.1, 1.2 M wt% of NH4SCN) were represented in the
Figs. 4 a and b below.

Assignments of observed peaks are provided in Table 2.
About 1040 cm−1 peak assigned to C–O stretching [39, 54,
59] for pure Gellan gum has been found at 1039 cm−1, 1036
cm−1, 1033 cm−1

, and 1030 cm−1 for 1 g Gellan gum: 0.8 M
wt% of NH4SCN, 1 g Gellan gum: 1.0 M wt% of NH4SCN,
1 g Gellan gum: 1.1 Mwt% of NH4SCN, and 1 g Gellan gum:
1.2 M wt% of NH4SCN, respectively.

About 1066 cm−1 peak observed for pure Gellan gum is
ascribed to CH2–OH stretching [30, 54]. This peak (1066
cm−1) has been shifted to 1070 cm−1, 1072 cm−1, 1073
cm−1, and 1074 cm−1 for 1 g Gellan gum: 0.8 M wt% of
NH4SCN, 1 g Gellan gum: 1.0 M wt% of NH4SCN, 1 g
Gellan gum: 1.1 M wt% of NH4SCN, and 1 g Gellan gum:
1.2 M wt% of NH4SCN, respectively.

The peaks 1307 cm−1, 1306 cm−1, 1305 cm−1, and 1304
cm−1 observed in 1 g Gellan gum: 0.8Mwt% ofNH4SCN, 1 g
Gellan gum: 1.0 M wt% of NH4SCN, 1 g Gellan gum: 1.1 M
wt% of NH4SCN, and 1 g Gellan gum: 1.2 M wt% of
NH4SCN, respectively, are attributed to C-N stretching [24,
59].

Peak observed at 1421 cm−1 assigned to C–C stretching
[41, 42, 53, 60] for pure Gellan gum has been shifted to
1425 cm−1, 1423 cm−1, 1422 cm−1, and 1420 cm−1 for 1 g
Gellan gum: 0.8 M wt% of NH4SCN, 1 g Gellan gum: 1.0 M

Fig. 3 Deconvoluted XRD pattern of a 1 g pure Gellan gum, b
deconvoluted XRD pattern of 1 g Gellan gum: 0.8 M wt% of NH4SCN,
c deconvoluted XRD pattern of 1 g Gellan gum: 1.0Mwt% of NH4SCN,
d deconvoluted XRD pattern of 1 g Gellan gum: 1.1Mwt% of NH4SCN,
and e deconvoluted XRD pattern of 1 g Gellan gum: 1.2 M wt% of
NH4SCN

Table 1 Percentage of crystallinity calculated from deconvoluted XRD
graph

Compositions % of crystallinity

1 g pure Gellan gum 33.76%

1 g Gellan gum + 0.8 M wt% of NH4SCN 22.65%

1 g Gellan gum + 1.0 M wt% of NH4SCN 11.75%

1 g Gellan gum + 1.1 M wt% of NH4SCN 8.85%

1 g Gellan gum + 1.2 M wt% of NH4SCN 11.57%

Italic emphasizes low crystallinity percentage
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Fig. 4 a FTIR spectra of (a) pure Gellan gum, (b) 1 g Gellan gum: 0.8 M
wt% of NH4SCN, (c) 1 g Gellan gum: 1.0 M wt% of NH4SCN, (d) 1 g
Gellan gum: 1.1Mwt% of NH4SCN, and (e) 1 g Gellan gum: 1.2Mwt%
of NH4SCN from wavenumber 400 to 1850 cm−1b FTIR spectra of (a)

pure Gellan gum (b), 1 g Gellan gum: 0.8 M wt% of NH4SCN, (c) 1 g
Gellan gum: 1.0 M wt% of NH4SCN, (d) 1 g Gellan gum: 1.1 M wt% of
NH4SCN, and (e) 1 g Gellan gum: 1.2 M wt% of NH4SCN from wave-
number 1850 to 4000 cm−1

Table 2 FTIR assignments for
Pure Gellan gum and Gellan gum
with different compositions of
NH4SCN

Pure Gellan
gum

Vibrational peaks of 1 g Gellan gum: X
M wt % of NH4SCN (cm−1)

Attributions Reference

X =
0.8

X =
1.0

X =
1.1

X =
1.2

1040 1039 1036 1033 1030 C–O stretching [39, 54, 59]

1066 1070 1072 1073 1074 CH2–OH stretching [30, 54]

- 1307 1306 1305 1304 C–N stretching [24, 59]

1421 1425 1423 1422 1420 C–C stretching [41, 42, 53,
60]

- 1543 1540 1539 1537 NH3
+ [30]

- 1573 1572 1571 1570 NH3
+ [30]

1633 1607 1611 1612 1613 (Glycosidic bond) C=O
stretching

[53, 61, 62]

- 2057 2058 2059 2060 S=C=N stretching [45]

2854 2835 2828 2615 2809 CH2 Symmetric stretching [63]

2921 2929 2928 - - CH2 asymmetric stretching [62, 63]

- 3043 3040 3041 3032 NH3
+ [30]

3265 3225 3200 3199 3197 N–H stretching [59]

3363 3384 3381 3380 3376 O–H stretching [53, 59, 60,
62]
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wt% of NH4SCN, 1 g Gellan gum: 1.1 M wt% of NH4SCN,
and 1 g Gellan gum: 1.2 M wt% of NH4SCN, respectively.

The peaks 1543 cm−1, 1540 cm−1, 1539 cm−1, and 1537
cm−1 observed for 1 g Gellan gum: 0.8 M wt% of NH4SCN,
1 g Gellan gum: 1.0 M wt% of NH4SCN, 1 g Gellan gum:
1.1 M wt% of NH4SCN, and 1 g Gellan gum: 1.2 M wt% of
NH4SCN, respectively, are assigned to NH3

+ vibration [30].
Also, the peaks 1573 cm−1, 1572 cm−1, 1571 cm−1, and 1570
cm−1 observed for 1 g Gellan gum: 0.8 M wt% of NH4SCN,
1 g Gellan gum: 1.0 M wt% of NH4SCN, 1 g Gellan gum:
1.1 M wt% of NH4SCN, and 1 g Gellan gum: 1.2 M wt% of
NH4SCN, respectively, are assigned to NH3

+ vibration [30].
The peaks observed for NH3

+ vibration are not found in pure
Gellan gum. This confirms the complex formation between
polymer and NH4SCN.

Peak observed at 1633 cm−1 attributed to C=O stretching
(which is Glycosidic bond) [53, 61, 62] for pure Gellan gum
has been shifted to 1607 cm−1, 1611 cm−1, 1612 cm−1, and
1613 cm−1 for 1 g Gellan gum: 0.8 M wt% of NH4SCN, 1 g
Gellan gum: 1.0 M wt% of NH4SCN, 1 g Gellan gum: 1.1 M
wt% of NH4SCN, and 1 g Gellan gum: 1.2 M wt% of
NH4SCN, respectively.

Peaks at 2057 cm−1, 2058 cm−1, 2059 cm−1, and 2060 cm−1

for 1 g Gellan gum: 0.8 M wt% of NH4SCN, 1 g Gellan gum:
1.0 M wt% of NH4SCN, 1 g Gellan gum: 1.1 M wt% of
NH4SCN, and 1 g Gellan gum: 1.2 M wt% of NH4SCN,
respectively, which is absent in pure Gellan gum, is attributed
to S=C=N stretching [45]. This indicates the complexation of
NH4SCN with polymer matrix.

The peak observed at 2854 cm−1 in pure Gellan gum is
shifted to 2835 cm−1, 2828 cm−1, 2615 cm−1, and 2809
cm−1 for 1 g Gellan gum: 0.8 M wt% of NH4SCN, 1 g
Gellan gum: 1.0 M wt% of NH4SCN, 1 g Gellan gum:
1.1 M wt% of NH4SCN, and 1 g Gellan gum: 1.2 M wt% of
NH4SCN attributed to CH2 symmetric stretching [63].

The peak observed at 2921 cm−1 in pure Gellan gum is
shifted to 2929 cm−1 and 2928 cm−1 for 1 g Gellan gum:
0.8 M wt% of NH4SCN and 1 g Gellan gum: 1.0 M wt% of
NH4SCN are attributed to CH2 asymmetric stretching [62,
63]. And these peaks are not found in 1 g Gellan gum:
1.1 M wt% of NH4SCN and 1 g Gellan gum: 1.2 M wt% of
NH4SCN.

Peaks 3043 cm−1, 3040 cm−1, 3041 cm−1, and 3032 cm−1

observed in 1 g Gellan gum: 0.8 M wt% of NH4SCN, 1 g
Gellan gum: 1.0 M wt% of NH4SCN, 1 g Gellan gum:
1.1 M wt% of NH4SCN, and 1 g Gellan gum: 1.2 M wt% of
NH4SCN, respectively, are assigned to NH3

+ vibration [30].
The peak observed in pure Gellan gum, 3265 cm−1, is

shifted to 3225 cm−1, 3200 cm−1, 3199 cm−1, and 3197
cm−1 observed in 1 g Gellan gum: 0.8 M wt% of NH4SCN,
1 g Gellan gum: 1.0 M wt% of NH4SCN, 1 g Gellan gum:
1.1 M wt% of NH4SCN, and 1 g Gellan gum: 1.2 M wt% of
NH4SCN, respectively, are attributed to N–H stretching

vibration [59]. This confirms the complex formation between
the Gellan gum polymer and NH4SCN salt.

The peak 3363 cm−1 assigned to O–H stretching [53, 59,
60, 62] for pure Gellan gum has been shifted to 3384 cm−1,
3381 cm−1, 3380 cm−1, and 3376 cm−1 for 1 g Gellan gum:
0.8 M wt% of NH4SCN, 1 g Gellan gum: 1.0 M wt% of
NH4SCN, 1 g Gellan gum: 1.1 M wt% of NH4SCN, and 1 g
Gellan gum: 1.2 M wt% of NH4SCN respectively.

The shift in frequencies, change in peak intensity, and the
appearance of the new peaks are due to the interaction be-
tween the salt and the polymer matrices which confirm the
complex formation between the salt NH4SCN and the bio-
polymer Gellan gum. The possible interaction of the
NH4SCN salt with Gellan gum is represented in Fig. 5.

Thermal analysis

Differential scanning calorimetry (DSC) is used to calculate
the glass transition temperature of prepared polymer electro-
lyte. The DSC thermogram of pure Gellan gum and 1 g Gellan
gum with different concentrations of salt (0.8 M wt% of
NH4SCN, 1.0 M wt% of NH4SCN, 1.1 M wt% of
NH4SCN, and 1.2 M wt% of NH4SCN) are shown in Fig. 6.

The Tg value of pure Gellan gum is 43.98 °C. On addition
of NH4SCN salt with 1 g pure Gellan gum, the Tg value
increases. This increase in Tg value of 45.15 °C and 72.96
°C for the addition of 0.8 M wt% and 1.0 Mwt % of
NH4SCN salt with Gellan gum is due to the strong transient
cross-linkage between oxygen atom and proton. This interac-
tion leads to increase of microviscosity and stiffness in the
polymer chain [39]. Further, for the concentration 1.1 M
wt% of NH4SCN salt with Gellan gum, the Tg value is found
to be decreased. This is because of reduction of transient
cross-linkage between oxygen atom and proton. This leads
to the softening of the polymer [39]. For the highest concen-
tration 1.2 M wt% of NH4SCN salt with Gellan gum, the Tg

value is increased. The glass transition temperature for pure
Gellan gum and various compositions of NH4SCN with
Gellan gum are provided in Table 3. Similar form of DSC
results is observed in TSP biopolymer with NH4SCN [39].

Fig. 5 Possible interaction of NH4SCN salt with Gellan gum polymer
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Ac impedance spectroscopy

The cole-cole plot is drawn between the real part of the im-
pedance (Z′) and the imaginary part of the impedance (Z″) of
any material, which gives the combination of high-frequency
semicircle followed by the low-frequency straight line [64].

High-frequency semicircle is due to the parallel combina-
tion of bulk resistance and bulk capacitance. The resistor owes
to the migration of ions that occur through the free volume of
polymer matrix and the capacitor owes to the polarization of
immobile (static) polymer chains in the alternating field. The
low-frequency straight line is due to the electrode-electrolyte
interface [64].

In the present work, for pure system, pure Gellan gum
polymer, Cole-cole plot shows a semicircle with a spike. On
adding various composition of (0.8, 1.0, 1.1, 1.2 M wt %)
NH4SCN salt, the cole-cole plot shows only inclined straight
line. Figures 7a and 8b represent the cole-cole plot of Gellan
gum and the various compositions of NH4SCN salt with
Gellan gum. The bulk resistance (Rb) of the electrolyte was
calculated using the Boukamp’s EQ Software [65]. The EIS
parameters for all the polymer electrolytes are tabulated in
Table 4. The equivalent electrical circuits are shown in Figs.
7b and 8b.

From Table 4 we could infer that the bulk resistance, Rb,
decreases with increase in salt concentrations with the bio-
polymer Gellan gum. The Rb value for Pure Gellan gum is
1646 Ω. The Rb values for 1 g Gellan gum with various com-
positions of (0.8, 1.0, 1.1, 1.2 M wt %) NH4SCN salt are 729
Ω, 94 Ω, 49 Ω, and 64 Ω, respectively. The impedance of
constant phase element (CPE) is represented as

ZCPE ¼ 1

Q0 jωð Þn

where Q0 and n are frequency independent factors [23]. The n
values varies from 0 to 1, where n = 1 represents pure capac-
itor and n = 0 represents pure resistor. The constant phase
element (CPE) value for Pure Gellan gum is 30 μF and for
various compositions of (0.8, 1.0, 1.1, 1.2 M wt %) NH4SCN
salt with 1 g Gellan gum, the CPE values are 141 μF, 237 μF,
131 μF, and 577 μF, respectively. The n value of pure Gellan
gum is 0.4998. For 1 g Gellan gum with various compositions
of (0.8, 1.0, 1.1, 1.2 M wt %) NH4SCN salt, the n values are
0.7916, 0.6982, 0.7666, and 0.7224, respectively. The con-
ductivity for the various compositions is provided in Table 5
below.

From Table 5, it is noted that the conductivity increases, as
the concentration of ammonium thiocyanate is increased; i.e.,
as we increase the concentration of salt, the charge carrier
concentration increases. The conductivity is maximum for
1 g Gellan gum with 1.1 M wt% of NH4SCN, 1.41 × 10−2 S/
cm and the Rb, CPE, and n values for 1 g Gellan gum with
1.1 M wt% of NH4SCN are 49, 131, and 0.7666. S.
Selvalakshmi et al. has reported that the composition of 50
Agar: 50 NH4SCN gives the conductivity of about 1.03 ×
10−3 S/cm [36]. G. Nirmala devi et al. has reported for the
composition, 60Dextrin:40NH4SCN providing the conductiv-
ity of 4.05 × 10−4 S/cm [41]. M. Muthukrishanan et al. report-
ed for the bio polymer composition 40 Pectin: 60 NH4SCN
having the conductivity, 1.5 × 10−3 S/cm [42]. Though M J
Neto et al. [66] has reported that Gellan doped with choline-
based IL N,N,Ntrimethyl-N-(2-hydroxyethyl)ammonium bis
(trifluoromethylsulfonyl) imide ([N1 1 1 2(OH)][NTf2]) (5:1)
exhibits an ionic conductivity of 5.21 × 10−6 S cm−1 and
3.83 × 10−5 at 30 °C and 90 °C, there is no much new

Fig. 6 DSC thermograms of a pure Gellan gum, b 1 g Gellan gum: 0.8M
wt% of NH4SCN, c 1 g Gellan gum: 1.0 M wt% of NH4SCN, d 1 g
Gellan gum: 1.1 M wt% of NH4SCN, and e 1 g Gellan gum: 1.2 M wt%
of NH4SCN

Table 3 Glass transition temperature for Pure Gellan gum and various
compositions of NH4SCN with Gellan gum

Compositions (Tg)

1 g pure Gellan gum 43.98 °C

1 g Gellan gum + 0.8 M wt% of NH4SCN 45.15 °C

1 g Gellan gum + 1.0 M wt% of NH4SCN 72.96 °C

1 g Gellan gum + 1.1 M wt% of NH4SCN 42.98 °C

1 g Gellan gum + 1.2 M wt% of NH4SCN 43.41 °C

Italic emphasizes low Tg value
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researches on ammonium salts with Gellan gum. Polymer
membrane, 1 g Gellan gum with 1.1 M wt% of NH4SCN
has got highest ionic conductivity of 1.41 ± 0.09 × 10−2 S/
cm. This membrane has got more amorphous nature (XRD)
and low glass transition temperature (42.98 °C). For 1 g of
Gellan gum with 1.2 M wt% of NH4SCN, the conductivity
decreases. Even though the concentration of the NH4SCN
increases, the charge carriers may also increased. But they
form aggregate, which leads to the decrease in conductivity.

Transference number measurement

Transference number measurement gives information about
the nature of the charge carriers. This transference number
measurement can be done using the Wagner’s polarization
technique.

From theWagner’s polarization, we can calculate the trans-
ference number of the polymer electrolyte sample correspond-
ing to the ionic (tion) and electronic (t-) transport number.

Table 4 Electrochemical
impedance spectroscopy (EIS)
parameters

Compositions R (Ω) CPE (μF) n (no unit)

1 g pure Gellan gum 1646 30 0.4998

1 g Gellan gum + 0.8 M wt% of NH4SCN 729 141 0.7916

1 g Gellan gum + 1.0 M wt% of NH4SCN 94 237 0.6982

1 g Gellan gum + 1.1 M wt% of NH4SCN 49 131 0.7666

1 g Gellan gum + 1.2 M wt% of NH4SCN 64 577 0.7224

Italic emphasizes R, CPE and n value of the highest conducting polymer electrolyte

Fig. 7 a Cole-cole plot of 1 g
pure Gellan gum. b Equivalent
circuit of pure Gellan gum
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The high conducting electrolyte sample is placed in be-
tween two stainless steel electrodes. The initial current was
noted when the DC voltage of 1.5 V is connected to the cell.
As the time increases, the current gradually decreases and it
becomes stable and the final current is measured.

From the initial and final current noted, the transference
number of ion and electron can be measured.

tþ ¼ I i−I f
I i

t− ¼ I f
I i

where

t+ transference number of cation
t- transference number of anion
Ii initial current
If final current

From the above equation, we could find that the t+ = 0.99; t-
= 0.01. This confirms that the conductivity is mainly contrib-
uted by the ions [67, 68]. The drop in current and the satura-
tion pattern can be noted in Fig. 9.

Construction of a proton conducting battery

The successfulness of a proton conducting battery depends on
the anode (which must be capable of supplying the H+ ions
into the electrolyte), the highest ion conducting polymer elec-
trolyte, and the cathode.

Fig. 8 a Various concentrations
of NH4SCN (0.8 M wt%, 1.0 M
wt%, 1.1 M wt%, 1.2 M wt%)
with 1 g Gellan gum. b
Equivalent circuit of highest ionic
conducting polymer electrolyte
(1.1 M wt% with 1 g Gellan gum)

Table 5 The conductivity values for various concentrations of
NH4SCN salt with Gellan gum

Compositions Conductivity

1 g pure Gellan gum 4.22±0.14×10−6 S/cm

1 g Gellan gum + 0.8 M wt% of NH4SCN 9.80±0.06×10−4S/cm

1 g Gellan gum + 1.0 M wt% of NH4SCN 2.01±0.03×10−3 S/cm

1 g Gellan gum + 1.1 M wt% of NH4SCN 1.41±0.09×10−2 S/cm

1 g Gellan gum + 1.2 M wt% of NH4SCN 1.64±0.12×10−3S/cm
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The composition of lead dioxide (4 g), vanadium pentoxide
(1 g), and graphite (0.5 g) were grinded well for nearly 2 h,
and the highest conducting polymer electrolyte 0.25 g is added
to the mixture and grinded well. There are few reports [45, 46,
69] using PbO2 and V2O5 mixture as cathode materials that
give best performance.

The anodic material is prepared from the mixture of zinc
metal powder (3 g), zinc sulphate (1 g), and graphite (1 g); the
mixture was grinded well. Due to the superiority property than
the other metals, the metallic zinc is preferred in anode com-
partment [45, 46, 69].

The constructed battery has the following structure.

Znþ ZnSO4:7H2O

þ C 1 g Gellan Gumþ 1:1 M wt%of NH4SCNj jj jPbO2

þ V2O5 þ Cþ electrolyte

The cathode reaction is

PbO2 þ 4Hþ þ 2e−↔Pb2þ þ 2H2O
V2O5 þ 6Hþ þ 2e−↔2VO2þ þ 3H2O

The anode reaction is

n Znþ ZnSO4:7H2O↔Zn nþ1ð ÞSO4: 7−2nð ÞH2O:2n OHð Þ
þ 2nHþ þ 2ne−

The prepared mixture for cathode and anode are made into
pellets using pellatizer by giving pressure of about 5 ton. The
anode was placed in the battery holder, over which the highest
conducting polymer electrolyte and the cathode were placed.
The set up is drawn (Fig. 10).

The cell exhibited the open circuit voltage of 1.62V. With
the load of 100kΩ, the cell exhibits the OCV of 1.62 V (Fig.
11 a and b) and the current drawn from it is 16 μA, decreased
to 1.2V, and the setup was retained for 60 h. The discharge
voltage with respect to the time is plotted as graph (Fig. 12).
The stabilized voltage retained is called plateau region, after
which the voltage of the cell is decreased. The initial decrease
in the voltage may be used to the polarization [70]. The cell
parameters of the constructed cell are shown in Table 6.

Fig. 9 Variation of DC current
for time for the composition 1 g
Gellan gum: 1.1 M wt % of
NH4SCN (high conductivity
sample) using Wagner’s method

Fig. 10 Setup of a battery
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Table 6 Cell parameters
S. no Cell parameters 1 g Gellan gum + 1.1 M wt % of NH4SCN

1 Open circuit voltage (OCV) 1.62 V

2 Current drawn 16 μA

3 Weight of the cathode 0.490 g

4 Weight of the anode 0.556 g

5 Weight of the electrolyte 0.145 g

6 Weight to the cell 1.191 g

7 Thickness of cathode 1.309 mm

8 Thickness of anode 1.497 mm

9 Area of the cell 1.1304 cm2

10 Discharge time 60 h

11 Current density 14.154 μA/cm2

Fig. 11 Open circuit voltage for
1 g Gellan gum: 1.1 M wt % of
NH4SCN

Fig. 12 Discharge curve for the
cell having the highest
conductivity (1 g Gellan gum:
1.1 M wt % of NH4SCN)
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Construction of fuel cell

The proton exchange membrane (PEM) fuel cell is an electro-
chemical device that can operate at room temperature. The
fuel cell consist of bipolar graphite plates, with the electrodes
made up of carbon cloth coated with the platinum over the
surface uniformly at the rate of 0.3 mg/cm. This electrode, the
platinum coated carbon cloth, acts as the catalyst layer for the
chemical reaction.

The base plate of the fuel cell is made of stainless steel over
which the Teflon sheet is covered to avoid the contact between
the copper plate and the steel. The highest conducting (1 g
Gellan gum with 1.1 M wt% of NH4SCN) sample is
sandwiched in between the bipolar graphite plate as described
further. The bipolar graphite plate has the parallel flow chan-
nel size of 7.84 cm2.

The platinum coated carbon cloths of area ~8.41 cm2,
which are the electrodes placed on the either sides of the
highest conducting membrane and is covered with the gasket
of thickness 0.2 mm. This setup is placed over the copper plate
and again another set of copper plate over which the Teflon
sheet and stainless steel base plate were placed and tightened
thoroughly. This is the set up of single PEM fuel cell (Fig. 13).

An electrolyser (Fig. 14) is used to produce hydrogen and
oxygen gas. The electrolyser is operated under DC voltage

supply of 2V. The 80 ml of oxygen and 100 ml of hydrogen
gases per min are passed through the single PEM fuel cell, and
the anode and the cathode reactions are given below.

Fig. 13 a Parts of fuel cell. b Constructed fuel cell

Fig. 14 Electrolyser
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Anode reaction : 2H2→4Hþ þ 4e−

Cathode reaction : O2 þ 4Hþ þ 4e−→2H2O
Overall reaction : 2H2 þ O2→2H2O

Various load such as 1kΩ, 5.6 kΩ, 10 kΩ, 50 kΩ, and 100
kΩ are connected across the fuel cell, and the current and
voltage are measured which are given in Table 7 and the graph
plotted is represented in Fig. 15.

The fuel cell potential for the highest conducting polymer
electrolyte is measured as 580 mV (Fig. 16). Moniha et al. has
reported the fuel cell potential of 442mV [43] and 503mV [45]
for i-carrageenan with NH4NO3 and i-carrageenan with
NH4SCN. G. Boopathi et al. [34] has reported that the fuel cell
potential for agar with NH4NO3 is found to be 558 mV. S.
Selvalakshmi et al [46] reported the output potential of 500mV.

Conclusion

Using the Solution Casting Technique bio polymer Gellan
gum with various compositions of NH4SCN has been pre-
pared, and the conductivity of the highest conducing mem-
brane is found to be 1.41 × 10−2 S/cm for 1 g Gellan gum +
1.1 M wt% of NH4SCN. XRD results confirm the amorphous
nature of the highest conducting biopolymer, and its crystal-
linity percentage is 8.85%. FTIR explains the complex forma-
tion between the polymer and salt. Using the highest
conducting membrane, 1.1 M wt% of NH4SCN with 1 g
Gellan gum, proton conducting battery, and fuel cell has been
fabricated and is found to perform with the cell potential of
1.62 V and 580 mV.

Table 7 Current and voltage for various load connected in the fuel cell

Load (kΩ) Current (μA) Voltage (mV)

1 535 0.535

5.6 267 1.495

10 237 2.37

50 207 10.35

100 204 20.4

Fig. 15 Variation of current and
voltage for various loads (1 kΩ,
5.6 kΩ, 10 kΩ, 50 kΩ, and 100
kΩ) for 1 g Gellan gum with
1.1 M wt% of NH4SCN

Fig. 16 Open circuit voltage of single PEM fuel cell for 1 g Gellan gum:
1.1 M wt% of NH4SCN
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