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Abstract
Solid electrolyte for electrochemical device applications have been developed using a linear anionic polysaccharide, Gellan 
gum incorporated with Ammonium formate (NH4HCO2) by the solution casting technique using double distilled water as 
solvent. The amorphous nature and the crystallinity percentage of the polymer membranes have been calculated from X-ray 
Diffraction (XRD) technique and the complex formation between the polymer and salt have been studied using Fourier 
transform infrared (FTIR) technique. Ionic conductivity of developed membranes has been found by measuring its imped-
ance. Polymer membrane (1 g Gellan gum: 0.9 M.wt % of NH4HCO2) exhibits the conductivity of 5.62 ± 0.09 × 10–3 S/cm. 
The Differential Scanning Calorimetric (DSC) thermograms have been used to study the glass transition temperature in the 
membranes. The predominant transportation of ions has been proved by DC Wagner’s Polarization technique. The electro-
chemical stability for the highest ion conducting polymer membrane has been studied using Linear sweep Voltametry (LSV). 
Using highest conducting polymer membrane as an electrolyte, the electrochemical devices – primary battery, rechargeable 
battery and proton exchange membrane (PEM) fuel cell have been constructed and their performance has been analyzed. The 
primary battery exhibited the open circuit voltage (OCV) of 1.78 V, the rechargeable battery provided the highest potential 
of 2.27 V and the PEM fuel cell exhibits the OCV of 763 mV.
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Introduction

Electrochemical devices like laptop computers, cell phones 
etc. demand efficient, sustainable, harmless and eco-friendly 
energy storage devices. The battery is one of the efficient, 
commercial energy storage devices which comprises of 
anode, cathode and electrolyte. One of the components 

namely electrolyte plays a vital role in the performance of 
the battery. Among various electrolytes such as liquid, gel 
and solid electrolyte, solid polymer electrolytes are preferred 
due to practical advantages over liquid electrolyte.

The preference towards the solid polymer electrolyte in 
the electrochemical device is due to their efficient advan-
tages like their electrochemical stability, lightweight and 
flexible property, their film-forming ability and no leak-
age property. [1–4]. Different methods such as blending of 
two polymers, addition of inorganic fillers or plasticizers 
enhance the properties of an electrolyte.

Various polymeric systems based on synthetic polymers such 
as PVA, PVP, PAN, PMMA, PVC etc. are used as electrolytes. 
Even though synthetic polymers are efficient, they are not cost-
effective and eco-friendly that leads to the search of effective 
biopolymer. Biopolymers are abundant in nature, low cost and 
environmental friendly. They have been reported with very good 
electrical properties such as ionic conductivity [4–7]. Biopoly-
mers such as starch, cellulose, chitosan, pectin, carrageenan, 
agar–agar etc. have been reported earlier for energy storage.
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Gellan gum (GG), a linear anionic heteropolysaccha-
ride has tetra-saccharide repeating units each consisting of 
beta-D-glucose (Glc), beta-D-glucuronic acid (GlcA) and 
alpha-L-rhamnose (Rha) in the ratio 2:1:1 (Fig. 1). This GG 
polysaccharide is produced by the bacteria named Sphingo-
monas Elodea by fermentation process. GG can produce a 
low viscous solution of 0.031 Pa.s. that has high thermal 
stability and thermal reversibility [8–11]. It has an easy film-
forming tendency and a good amount of polar groups [6]. 
These polar groups, along with the cation of any salt, will 
increase the charge carrier. Hence, the biopolymer GG is 
chosen as the host polymer.

Consequently, ion-conducting highly transparent and tem-
perature stable membrane is obtained and it is helpful in the 
field of ophthalmology for the development of lenses and 
currently in the electrochemical devices too. It is used as a 
gelling agent and possesses no danger to humans; hence it 
is used in food industries as food thickeners and stabilizers 
[11].

GG could be the best replacer in biopolymer electrolytes 
in commercial electrochemical devices due to its biodegrad-
able nature, less toxic and harmless nature. It is a hot water-
soluble polymer. It dissolves in water above 70ºC [6, 8–14]. 
Reports on GG are very sparse. Majid et al. [8] reported the 
highest conductivity of 5.6 × 10–6 S/cm for low acyl Gel-
lan gum/polyvinyl pyrrolidone with the Lithium perchlorate 
salt. Noor et al. [9, 10] reported that the biopolymer Gel-
lan gum with Lithium triflate shows the highest conductiv-
ity of 5.4 × 10–4 S/cm. The biopolymer Gellan gum mixed 
with choline-based Ionic Liquid (IL) N, N, N-trimethyl-N-
(2-hydroxyethyl) ammonium bis(trifluoromethylsulfonyl)
imide ([N1112(OH)][NTf2]) exhibits 5.2 × 10–6 S/cm, reported 
by Neto et al. [11]. Naachiyar et al. [6] reported the highest 
conductivity 1.41 × 10–2 S/cm for Gellan gum incorporated 
with Ammonium thiocyanate salt.

Ammonium salt has been reported as good proton 
donors [6]. Hence in this present work, Ammonium formate 
(NH4HCO2) salt is used to enhance the conducting nature of 

the Biopolymer GG. Few reports on ammonium based salt 
membranes are listed below.

S. Monisha et al. reported the biopolymer cellulose ace-
tate with ammonium nitrate [15] showing conductivity of 
about 1.46 × 10–3 S/cm. V. Moniha et al. reported the biopol-
ymer iota-carrageenan with ammonium formate [16] shows 
the ionic conductivity of 1.11 × 10–3 S/cm respectively. S. 
Karthikeyan has reported the conductivity of 1.46 × 10–5 
S/cm for iota-carrageenan with ammonium bromide [17]. 
G. Boopathi et al. have reported the conductivity of about 
6.57 × 10–4 S/cm for biopolymer agar–agar with ammonium 
nitrate salt [18]. S. Selvalakshmi et al. have reported the con-
ductivity for Agar–agar biopolymer with ammonium iodide 
salt as 1.20 × 10–4 S/cm [19] and Agar–agar biopolymer with 
ammonium bromide as 1.33 × 10–4 S/cm [20]. Premalatha 
et al. have reported highest conductivity of 1.58 × 10–3 S/cm 
and 1.23 × 10–3 S/cm observed for tamarind seed polysac-
charide with ammonium bromide [21] and tamarind seed 
polysaccharide with ammonium formate [22] respectively. 
Mohamed et al. have reported the conductivity of 1.30 × 10–4 
for the starch-chitosan blend with Ammonium thiocyanate 
[23].

This present work aims to enhance the conductivity of 
the biopolymer GG membrane with NH4HCO2 salt and use 
it as an electrolyte for various electrochemical devices. In 
the present work, the prepared membranes have been char-
acterized by.

•	 Powder XRD to study the crystalline/amorphous nature 
of the membranes.

•	 FTIR technique to confirm the complex ion formation 
between the polymer and salt matrix.

•	 Ac Impedance technique to measure the ionic conductiv-
ity of the biopolymer membranes.

•	 DSC analysis to study the variation in glass transition tem-
perature for variation in ionic salt concentration.

•	 TGA to study the thermal stability of the highest proton 
conducting membrane.

Fig. 1   Chemical structure of the biopolymer Gellan gum (GG)
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•	 LSV to study the electrochemical stability the highest pro-
ton conducting membrane.

•	 Transference number measurement to study the nature of 
ion involved.

•	 Oxidative test to analyze the chemical stability of the high-
est proton conducting membrane.

•	 Mechanical test to study the mechanical strength of the 
highest proton conducting membrane.

•	 Ion exchange test to measure the ion exchange capacity 
value of the highest proton conducting membrane.

Primary proton battery, rechargeable proton battery and 
PEM fuel cell have been fabricated and their performances 
are studied.

Experimental technique

Materials used

•	 Biopolymer Gellan gum (Sisco Research Laboratories Pvt. 
Ltd.) – host polymer

•	 Ammonium formate (NH4HCO2) extra pure (Sisco 
Research Laboratories Pvt. Ltd.) – salt

•	 Double distilled hot water – solvent
•	 Ferrous sulphate (FeSO4) (Sigma Aldrich Pvt. Ltd.)
•	 Hydrogen peroxide (H2O2) 30% (Merck Life Science Pvt. 

Ltd.)
•	 Sodium chloride (NaCl) (Sigma Aldrich Pvt. Ltd.)
•	 Sodium hydroxide (NaOH) (Sigma Aldrich Pvt. Ltd.)

Method of preparation

The membranes are prepared using the solution casting tech-
nique. The biopolymer GG is dissolved in the hot double dis-
tilled water. The gelling temperature of the GG is 30–40 ºC. 
So to maintain the aqueous form and avoid gel formation, the 
double distilled water is heated to 90 ºC and the Gellan gum 
is dissolved thoroughly in it. The NH4HCO2 salt is added to 
1 g biopolymer GG in various concentrations (0.6, 0.7, 0.8, 
0.9, 1.0 M.wt %). The solutions with various compositions 
are poured into the polypropylene petri dishes, kept in the hot 
air oven and dried at 70 ℃ for 12 h. Free-standing transparent 
membranes of thickness 0.2 mm have been obtained.

Characterization techniques

XRD

The amorphous/crystalline nature of the membrane has 
been studied using the X’Pert PRO diffractometer at the 
angle 2θ = 5-80º at the rate of 2º/min using Cu-Kα radia-
tion operated at 40 kV/30 mA.

FTIR

SHIMADZU-IR Affinity-1 Spectrometer is used to recorded 
FTIR spectra in the range 500–4000 cm−1 with the resolution 
of 1 cm−1 at ambient temperature.

Impedance study

Using HIOKI-3532 LCR HiTester instrument with stain-
less steel sample holder, Ac impedance study is carried 
out for the prepared polymer membranes in the frequency 
range 42 Hz to 5 MHz.

DSC

The glass transition temperature of the polymer membrane 
is found using DSC Q20 V24.11 Build 124 instrument 
under Nitrogen atmosphere, in the temperature range from 
20 ºC to 200 ºC with the heating rate of 10 ºC/min.

TGA​

Thermal stability of the biopolymer membranes have been 
studied using the NETZSCH STA 449F3 STA449F3A-
1100-M under nitrogen atmosphere. The samples were 
heated from the range 30 ℃ to 550 ℃ with 10 K/min.

LSV

Using the Biological Science Instrument VSP 300, France, 
the LSV measurement of polymer membranes is done by 
placing the membrane between two stainless steel elec-
trodes, with the scan rate of 1 mV/s in the range of 0–5 V.

Transference number measurement

The ion contribution to the total electric current is iden-
tified using the transference number. The very simplest 
technique used to calculate the ionic transference num-
ber is Wagner’s Polarization method with stainless steel 
electrodes.

Chemical stability test

The highest proton conducting biopolymer membrane has 
been treated for oxidative test by immersing the membrane 
in Fenton’s reagent (2 ppm FeSO4 in 3% H2O2 solution) at 
80 ℃. The stability of the membrane has been evaluated 
based on the weight of the membrane before immersion 
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and residual weight after immersion in the Fenton’s reagent 
for 1 h and the time taken for the membrane to dissolve 
completely.

Mechanical test

Tensile strength of the highest proton conducting membrane 
has been measured using Zwick-Roell Z010 Universal Test-
ing Machine with 10 kN to find the mechanical property of 
the membrane. The membrane of dimension of 10 × 2 cm 
has been taken and the testing elongation rate was 2 mm/
min.

Ion exchange capacity

Ion Exchange Capacity (IEC) of the prepared highest proton 
conducting biopolymer membrane has been measured using 
the acid–base titration method. The weight of the dry mem-
brane has been measured and soaked in 20 ml of 1 M NaCl 
solution for 24 h for the exchange of H+ ions with Na+ ions. 
The obtained solution was titrated using the 0.1 M NaOH 
solution with phenolphthalein as an indicator and the IEC 
value has been obtained.

Device fabrication

Primary battery construction

Using the configuration, Zn + ZnSO4.7H2O + C || high-
est conducting polymer membrane (as electrolyte) || 
PbO2 + V2O5 + C, primary solid-state proton-conducting 
battery has been fabricated. And their performance has been 
studied with the load of 100 kΩ.

Rechargeable proton battery construction

The rechargeable proton battery has been constructed 
using the configuration, Zn + ZnSO4.7H2O + C || high-
est conducting polymer membrane (as electrolyte) || 
MnO2 + C. The cell has been charged for 2 h with DC 
voltage of 3 V and allowed to discharge for 2 h. The per-
formance of the battery is studied by the charging and 
discharging the cell with various loads connected across 
them to study their voltage discharge characteristics and 
their corresponding current variation.

PEM fuel cell construction

Normally the membrane electrode assembly (MEA) for proton 
exchange membrane (PEM) fuel cell is prepared with high 
temperature and pressure. Since we do not have the facility 

to prepare MEA, a single stack PEM fuel cell has been con-
structed with the hand tightened method using the highest 
conducting biopolymer membrane as electrolyte and Platinum 
(Pt) coated carbon cloth as electrodes. The performance with 
various loads has been investigated. The results of Nafion™ 
212 membrane has been compared at the same condition.

Results and discussion

XRD

The crystalline/amorphous nature of the biopolymer mem-
brane is studied by X-ray diffraction analysis. Figure 2 repre-
sents the XRD pattern of Pure GG and 1 g GG with various 
M.wt % (0.6, 0.7, 0.8, 0.9 and 1.0) of NH4HCO2.

The intense peaks at angle 2θ = 6º, 10º, 19º and 22º are 
observed for the pure GG membrane. These peak values are in 
agreement with earlier report [2, 5, 6]. The XRD pattern of 1 g 
GG with different concentrations (0.6, 0.7, 0.8, 0.9, 1.0 M.wt 
%) of NH4HCO2 salt exhibits peaks at angle 2θ = 6º, 11º, 18º, 

Fig. 2   XRD pattern of a Pure GG b1 g GG: 0.6 M.wt % of NH4HCO2 
c1  g GG: 0.7  M.wt % of NH4HCO2 d1  g GG: 0.8  M.wt % of 
NH4HCO2 e1 g GG: 0.9 M.wt % of NH4HCO2 f1 g GG: 1.0 M.wt % 
of NH4HCO2
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20º and 22º. The peaks 6º, 11º, 18º, 20º and 22º exhibit decrease 
in intensity and increase in broadness for the increase in salt 
concentrations (i.e.) for 1 g GG: 0.6 M.wt % of NH4HCO2, 
1 g GG: 0.7 M.wt % of NH4HCO2, 1 g GG: 0.8 M.wt % of 
NH4HCO2 and 1 g GG: 0.9 M.wt % of NH4HCO2 respectively. 
This indicates the increase in the amorphous nature of the 
biopolymer membrane on the addition of salt. On the addition 
of salt to the polymer, the systematic arrangement in the poly-
mer matrix is disturbed and hence the increase in amorphous 
nature of the membranes [5].

For the composition 1 g GG: 1.0 M.wt % of NH4HCO2, 
the peaks 6º, 11º, 18º, 20º and 22º exhibit a slight increase in 
intensity and decrease in broadness. This result conveys the 
inability of the polymer matrix to hold more salt [5]. This 
shows a decrease in the amorphous nature of the biopoly-
mer membrane due to the aggregate formation of the ions. 
Among all the biopolymer membranes, 1 g GG: 0.9 M.wt 
% of NH4HCO2 composition shows high amorphous nature.

The results of intensity and broadness of the biopolymer 
electrolyte membranes are in accordance with the Hodge 
et al. criteria [24]. No peaks of NH4HCO2 salt are found in 
the salt-added polymer matrix. This indicates the complete 
dissociation of NH4HCO2 salt.

Crystallinity percentage calculation

Figure S1 shows the deconvoluted XRD pattern of Pure GG 
and 1 g GG with various M.wt % (0.6, 0.7, 0.8, 0.9 and 1.0) 
of NH4HCO2. Table S1 shows the Crystallinity percentage 
of the Pure GG and 1 g GG with various M.wt % (0.6, 0.7, 
0.8, 0.9 and 1.0) of NH4HCO2.

Using the above equation, the percentage of crystallinity 
has been calculated from the deconvoluted graph.

From the Table S1, it is observed that the crystallinity per-
centage of the Pure GG is 33.76%. On addition of 0.6, 0.7, 0.8 
and 0.9 M.wt % of NH4HCO2 with 1 g GG, the crystallinity 
percentage decrease to 27.06%, 16.19%, 10.25% and 7.12% 
respectively. The amorphous nature of the GG biopolymer 
membrane increases as the salt concentration increases. While 
adding 1.0 M.wt % of NH4HCO2 with 1 g GG, the percentage 
of crystallinity increases to 11.26%. Biopolymer membrane, 1 g 
GG: 0.9 M.wt % of NH4HCO2 shows high amorphous nature.

FTIR

Figure S2 shows the FTIR spectra of Pure GG and 1 g 
GG with various M.wt % (0.6, 0.7, 0.8, 0.9 and 1.0) of 
NH4HCO2.

Percentage of Crystallinity(%C) =

Area under crystalline region

Total area of the peak
× 100%

The IR peak at 1038 cm−1 for pure GG membrane is 
due to C-O stretching vibration [6, 10, 13], and this peak is 
found to be shifted to 1033 cm−1, 1032 cm−1, 1031 cm−1, 
1030 cm−1 and 1029 cm−1 for 0.6, 0.7, 0.8, 0.9 and 1.0 M.
wt % of NH4HCO2 with 1 g GG membranes respectively.

The peak at 1420 cm−1 for pure GG is due to C–C stretch-
ing vibration [9, 12]. On addition of 0.6, 0.7, 0.8, 0.9 and 
1.0 M.wt % of NH4HCO2 to 1 g GG, the peak at 1420 cm−1 
gets shifted to 1424 cm−1, 1425 cm−1, 1427 cm−1, 1434 cm−1 
and 1442 cm−1 respectively.

The peaks 1575 cm−1, 1574 cm−1, 1573 cm−1, 1571 cm−1 
and 1571 cm−1 are observed for 0.6, 0.7, 0.8, 0.9 and 1.0 M.wt 
% of NH4HCO2 with 1 g GG membranes respectively. Literature 
reports [6, 25] that NH3

+ vibration has a peak at 1575 cm−1. This 
peak is not observed in pure GG. This confirms the complex 
formation between the polymer and salt matrix.

The peak located at 1636 cm−1 for pure GG is due to 
C = O stretching vibration, corresponds to glycosidic bond 
[6, 9, 14]. This peak has been submerged along with the 
peak of 1575 cm−1. This also confirms the complex forma-
tion between the polymer and salt matrix.

The broad O–H stretching vibration peak is observed for 
pure GG at 3270 cm−1 [16] and it gets shifted to 3212 cm−1, 
3210 cm−1, 3209 cm−1, 3201 cm−1 and 3205 cm−1 for salt 
added (0.6, 0.7, 0.8, 0.9 and 1.0 M.wt % of NH4HCO2 with 
1 g GG) GG membranes respectively.

The assignments of peaks are tabulated in Table S2. The 
change in peak intensity, frequency shift and appearance of 
the new peak depicts the complex formation between the 
biopolymer GG and the salt NH4HCO2.

The force constant, k, can be determined by the Hooke’s 
formula,

where, � =
m1×m2

m1+m2

 is the reduced mass. The force constant 
has been calculated for O–H stretching and C-O stretching 
and tabulated in Table S3. The force constant values have 
been changed for the NH4HCO2 added GG membranes. This 
indicates the interaction of salt with the polymer matrix 
resulting in bond length variation. As the salt concentration 
increases, the force constant decreases hence the bond length 
increases with decrease in frequency. The possible interac-
tion of NH4HCO2 with the GG is shown in Fig. S3.

DSC

Figure 3 depicts the DSC thermograms of the Pure GG 
and 1 g GG with various M.wt % (0.6, 0.7, 0.8, 0.9 and 
1.0) of NH4HCO2 salt. The glass transition temperature 
(Tg) of the biopolymer membrane is calculated using the 
DSC analysis.

� =
1

2�c

√
k

�
N∕cm
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The Pure GG shows the Tg value of 43.98 ºC. Addition 
of 0.6 M.wt % of NH4HCO2 salt with 1 g GG, the Tg value 
increase to 54.80 ºC. This increase in Tg value is due to the 
strong transient cross-linkage between the oxygen atom and 
H+ ion [26]. This leads to the increase in stiffness of the 
polymer chain. Further, on the addition of 0.7 M.wt % of 
NH4HCO2, 0.8 M.wt % of NH4HCO2 and 0.9 M.wt % of 
NH4HCO2 salt with 1 g GG, the Tg value decrease to 48.52 
ºC, 45.66 ºC and 42.12 ºC respectively. This indicates the 
weak transient cross-linkage between the oxygen and H+ ion 
which leads to the softening of the polymer chain [26]. Fur-
ther on the addition of 1.0 M.wt % of NH4HCO2 salt with 1 g 
GG, the Tg value again increased to 46.96 ºC. The composi-
tion 0.9 M.wt % of NH4HCO2 salt with 1 g GG membrane 
shows the Tg value 42.12 ºC. This value is less than the Pure 
GG sample. Low Tg value makes the membrane more flex-
ible. Due to the agglomeration of more salt in the polymer 
chain matrix for the membrane of composition, 1.0 M.wt 
% of NH4HCO2 salt with 1 g GG gets stiffened which leads 

to increase of Tg value. The Tg values of the Pure GG and 
1 g GG with various M.wt % (0.6, 0.7, 0.8, 0.9 and 1.0) of 
NH4HCO2 salt are tabulated in Table 1.

Ac impedance spectroscopy study

Nyquist‑plot

Figure 4i, ii show the Nyquist plot of the pure GG and 1 g 
GG with various M.wt % (0.6, 0.7, 0.8, 0.9 and 1.0) of 
NH4HCO2 at room temperature

Usually, the Nyquist plot, also called the cole–cole plot, 
shows a depressed semicircle followed by an inclined line 
for the graph plot between the real (Z’) and the imaginary 
part (Z”) of the impedance. The depressed semicircle that 
appears at the high-frequency region is due to parallel com-
bination of bulk resistance and bulk capacitance and the 
inclined line that appears at the low-frequency region is 
because of electrode–electrolyte interface. Due to the addi-
tion of salt, the semicircle vanishes (Fig. 4ii) in the cole–cole 
plot.

The equivalent circuits are shown in Figs. 4i, ii. The bulk 
resistance (Rb) of the polymer membranes is calculated 
using the Boukamp EQ software [27]. The Ionic conductiv-
ity of polymer membranes at room temperature are calcu-
lated using the formula,

where l is the thickness, A is the area and Rb is the bulk 
resistance of the biopolymer membrane.

As seen from the Table 2, it is noted that, conductiv-
ity values increases, as the salt concentration increases. 
The conductivity is maximum for biopolymer 1 g GG with 
0.9 M.wt % of NH4HCO2. This membrane is more amor-
phous (as confirmed from XRD) and it has low Tg value 
(from DSC). Low Tg leads to flexibility of the membrane 
and hence the conductivity has been increased.

Also it is observed that, the Rb values decrease with 
increase in salt concentration. The Rb value for 0.6, 0.7, 0.8 
and 0.9 M.wt % of NH4HCO2 with 1 g GG are 1646 Ω, 
6.242 Ω, 1.879 Ω, 1.470 Ω, 1.157 Ω and 1.275 Ω respec-
tively. The impedance of the constant phase element (CPE) 
is given by the equation,

where Q0 and n are frequency-independent factors. The CPE 
value for 0.6, 0.7, 0.8 and 0.9 M.wt % of NH4HCO2 with 1 g 
GG are 30, 141, 121, 120, 79 and 339 respectively. If n = 1, it 
is pure capacitor and n = 0, it is pure resistor. In this research 

� =
l

ARb

S∕cm

ZCPE =
1

Q
0
j�n

Fig. 3   DSC thermograms of a  Pure GG b1  g GG: 0.6  M.wt % of 
NH4HCO2 c1 g GG: 0.7 M.wt % of NH4HCO2 d1 g GG: 0.8 M.wt % 
of NH4HCO2 e1 g GG: 0.9 M.wt % of NH4HCO2 f1 g GG: 1.0 M.wt 
% of NH4HCO2
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work n varies from 0 to 1. The n value for 0.6, 0.7, 0.8 and 
0.9 M.wt % of NH4HCO2 with 1 g GG are 0.499, 0.661, 
0.716, 0.721, 0.783 and 0.515 respectively.

For 1.0 M.wt % of NH4HCO2 with 1 g GG, the con-
ductivity decreases to 2.34 ± 0.12 × 10–3 S/cm. The EIS 
measurement has been carried out at the room temperature. 
V. Moniha et al. reported that the conducting biopolymer 
iota-carrageenan with ammonium nitrate [15] and iota-car-
rageenan with ammonium formate [16] reported conductiv-
ity of 1.46 × 10–3 S/cm and 1.11 × 10–3 S/cm respectively. 
Premalatha et  al. have reported highest conductivity of 
1.58 × 10–3 S/cm and 1.23 × 10–3 S/cm observed for tama-
rind seed polysaccharide with ammonium bromide [21] and 
tamarind seed polysaccharide with ammonium formate [22] 
respectively.

Conductance spectra

Figure S4 shows the graphical plot between frequency and 
logarithmic conductivity for Pure GG and 1 g GG with vari-
ous M.wt % (0.6, 0.7, 0.8, 0.9 and 1.0) of NH4HCO2 at the 

room temperature. Fig. S4 shows the presence of low-fre-
quency dispersive region and mid-frequency plateau region. 
This gives the dc conductivity (σdc) value by extrapolating 
the plateau region to the log σ axis. The value obtained from 
the Nyquist is well in accordance with the conductance spec-
tra for the pure GG and 1 g GG with various M.wt % (0.6, 
0.7, 0.8, 0.9 and 1.0) of NH4HCO2.

Generally, the conductance spectra possess three 
regions: (a) low-frequency dispersion region – performed 
at blocking electrode due to the space charge polarization, 
(b) frequency-independent region – dc conductivity of 
the polymer complex is studied and (c) dispersive high-
frequency region – shows the increase in conductivity. 
In this work, low frequency and frequency independent 
regions are only observed.

TGA​

Figure  S5 shows the thermo gravimetric analysis of 
the pure GG, the highest proton conducting membrane 
(1 g GG: 0.9 M.wt % of NH4HCO2) and Nafion™ 212 
membranes.

Initial weight loss of pure GG, highest proton conduct-
ing membrane (1 g GG: 0.9 M.wt % of NH4HCO2) and 
Nafion™ 212 membrane are 12.34%, 27.03% and 4.42% 
respectively in the temperature range 50 ℃ to 200 ℃ (for 
pure GG), 30 ℃ to 110 ℃ (for the highest proton conduct-
ing membrane (1 g GG: 0.9 M.wt % of NH4HCO2)) and 30 
℃ to 285 ℃ (for Nafion™ 212 membrane) respectively. This 
initial weight loss is due to the evaporation of moisture in all 
the membranes. The moisture content in the highest proton 
conducting membrane (1 g GG: 0.9 M.wt % of NH4HCO2) 

Fig. 4   Nyquist plot for i pure GG and ii 1 g GG with various compositions of NH4HCO2 a1 g GG: 0.6 M.wt % of NH4HCO2 b1 g GG: 0.7 M.wt 
% of NH4HCO2 c1 g GG: 0.8 M.wt % of NH4HCO2 d1 g GG: 0.9 M.wt % of NH4HCO2 e1 g GG: 1.0 M.wt % of NH4HCO2

Table 1   DSC thermograms of 1  g GG with various M.wt % of 
NH4HCO2 salt

COMPOSITION Tg(ºC)

Pure Gellan gum 43.98
1 g Gellan gum: 0.6 M.wt % of NH4HCO2 54.80
1 g Gellan gum: 0.7 M.wt % of NH4HCO2 48.52
1 g Gellan gum: 0.8 M.wt % of NH4HCO2 45.66
1 g Gellan gum: 0.9 M.wt % of NH4HCO2 44.12
1 g Gellan gum: 1.0 M.wt % of NH4HCO2 46.96
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is comparatively higher than the pure GG membrane. This 
is due to the hydrophilic property of salt [9, 13].

The first step of degradation starts for pure GG from 200 
℃ to 260 ℃ with the weight loss of 40.23% followed by the 
second step of degradation from 260 ℃ to 470 ℃ resulting 
in 16.48% weight loss. This is due to the polysaccharide 
backbone degradation in the GG polymer [9, 13]. Similarly 
for the highest proton conducting membrane (1 g GG: 0.9 M.
wt % of NH4HCO2), the first step of degradation starts from 
110 ℃ to 244 ℃ with the weight loss of 32.32% followed 
by the second step of degradation from 244 ℃ to 280 ℃ 

resulting in 15.08% weight loss. This is due to the degrada-
tion of polymer-salt matrix. During the degradation process 
the polymer membrane suffers endothermic reaction of oxi-
dation and hydrolysis subsequently the exothermic reaction 
of polysaccharide pyrolysis [9, 28]. The remaining residue 
of 19.95% for pure GG and 7.61% for highest proton con-
ducting membrane (1 g GG: 0.9 M.wt % of NH4HCO2) have 
been obtained.

The Nafion™ 212 membrane experiences the first step of 
degradation from 285 ℃ to 386 ℃ with 15.26% weight loss. 
This is due to the degradation of sulfonic groups (that is, 

Fig. 5   a LSV of Pure GG 
and b 1 g GG: 0.9 M.wt % of 
NH4HCO2 (highest conducting 
electrolyte)

Table 2   EIS parameters of 
biopolymer membranes

COMPOSITION Rb (Ω) CPE (µF) n (no unit) σ (S/cm)

Pure Gellan gum 1646 30 0.499 4.22 ± 0.14 × 10–6

1 g Gellan gum: 0.6 M.wt % of NH4HCO2 6.242 141 0.661 7.05 ± 0.11 × 10–4

1 g Gellan gum: 0.7 M.wt % of NH4HCO2 1.879 121 0.716 3.22 ± 0.06 × 10–3

1 g Gellan gum: 0.8 M.wt % of NH4HCO2 1.470 120 0.721 4.23 ± 0.03 × 10–3

1 g Gellan gum: 0.9 M.wt % of NH4HCO2 1.157 79 0.783 5.62 ± 0.09 × 10–3

1 g Gellan gum: 1.0 M.wt % of NH4HCO2 1.275 339 0.515 2.34 ± 0.12 × 10–3
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side chains –OCF2CF2–SO3H) present in the Nafion™ 212 
membrane [29]. The second step of degradation from 386 
℃ to 510 ℃ resulting in the weight loss of 78.45% is due to 
the degradation of polymer backbone (that is main chains 
CF2–CF2) in the Nafion™ 212 membrane. The remaining 
residual weight results in 1.79%.

Linear sweep voltammetry

Electrochemical stability of highest conducting biopolymer 
electrolyte (1 g GG: 0.9 M.wt % of NH4HCO2) is studied using 
Linear Sweep Voltammetry (LSV). The electrolyte sample is 
placed in between two stainless steel blocking electrodes. Lin-
ear sweep voltammogram of pure Gellan Gum and the highest 
conducting biopolymer electrolyte sample, 1 g GG: 0.9 M.wt 
% of NH4HCO2 is shown in the Fig. 5a, b.

From the graph (Fig. 5a), it is observed that, the pure 
GG electrolyte is stable upto 2.28 V and decomposes fur-
ther. Similarly, the composition, 1 g GG: 0.9 M.wt % of 
NH4HCO2 (Fig. 5b) shows its stability upto 2.53 V. It can 
be defined as, when the pure GG is incorporated with ionic 
salts, it offers a very good electrochemical stability. Hence, 
this highest conducting solid polymer biopolymer electrolyte 
can be a promising substitute for the practical application in 
electrochemical devices. Muthukrishnan et al. [30] has been 
reported the electrochemical window for the compositions 
50 M.wt % of Pectin: 50 M.wt % of NH4HCO2 and 50 M.wt 
% of Pectin: 50 M.wt % of NH4HCO2: 0.4% M.wt % of EC 
are 1.97 V and 2.35 V.

Transference number measurement

The nature of the charge carrier in the total electric current 
is determined by the transference number. This transference 
number is measured using the simple technique known as 
Wagner’s Polarization technique.

Here, the highest conducting biopolymer membrane (1 g 
GG: 0.9 M.wt % of NH4HCO2) is kept in between two stain-
less steel blocking electrodes. Later a DC voltage of 1.5 V 
is applied across the electrodes. As soon as the DC voltage 
is applied, the migration of ions results in the initial current 
and rapidly the current falls with time. The current value is 
monitored with time and their graph is drawn between cur-
rent and time and it is shown in Fig. S6. The initial and final 
current values are noted. The transference number of ion (ti) 
and electron (te) can be calculated from the equations below.

ti =
Ii − If

Ii

te =
If

Ii

where ti and te are the transference number of ions and elec-
trons; Ii and If are the initial and final current. Using the 
above equations, we could infer that, ti = 0.95 and te = 0.05. 
This shows that the conductivity is due to ions.

Chemical stability test

The oxidative stability or the chemical stability of the proton 
exchange membranes (PEM) are mainly studied based on their 
degradation nature. The degradation of the polymer membrane 
is mainly due to the attack of free radicals HO• and HO2• radi-
cals form the cathode side while performing the fuel cell opera-
tion [31, 32]. The oxidative stability of the pre-weighed highest 
proton conducting biopolymer membrane (1 g GG: 0.9 M.wt 
% of NH4HCO2) has been evaluated, here the membrane of 
dimension 2 × 2 cm has been treated with 20 ml Fenton’s rea-
gent (2 ppm FeSO4 in 3% H2O2 solution) for 1 h at 80 ℃. The 
residual weight of the treated membrane after 1 h is weighed 
and noted and again soaked in the reagent. After 1 h, the weight 
loss in the membrane has been observed indicating the dis-
solving behavior of the membrane. The membrane began to 
dissolve after 1 h and completely dissolved in another 30 min.

Mechanical test

Figure S7 shows the tensile strength vs strain plot for the 
highest proton conducting membrane (1 g GG: 0.9 M.wt % 
of NH4HCO2). The highest proton conducting membrane 
(1 g Gellan Gum: 0.9 M.wt % of NH4HCO2) of dimen-
sion 10 × 2 cm and thickness 0.024 cm has been taken and 
subjected for mechanical stability test. This membrane 
has a good mechanical stability with a tensile strength of 
20.37 ± 5 MPa and strain of 26.67 ± 7%. Pasquini et al. [33] 
have been reported tensile strength of 21 ± 6 MPa and strain 
of 245 ± 105% for Nafion™ 212 membrane.

Ion exchange capacity

Ion Exchange Capacity (IEC) of a biopolymer membrane 
indicates the availability of ion exchanging groups, mainly 
the protons which determines the ionic conductivity of 
membrane, by acid–base titration method [32, 34]. The 
highest proton conducting membrane (1 g GG: 0.9 M.wt % 
of NH4HCO2) of dimension 2 × 2 cm and weight of 0.198 g 
has been immersed in the 20 ml of 1 M NaCl solution for 
24 h. During this 24 h, the membrane completely releases 
the H+ ions and replaces them with Na+ ions. After 24 h, the 
obtained solution has been titrated using 0.1 M NaOH solu-
tion with phenolphthalein as an indicator. The IEC value of 
highest proton conducting biopolymer membrane (1 g GG: 
0.9 M.wt % of NH4HCO2) is measured to be 0.353 mmol/g 
using equation,
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where, CNaOH (mol/l) is the concentration of the NaOH solu-
tion used in the titration, VNaOH (ml) is the volume of the 
NaOH solution used while titrating against the unknown 
solution and Wdry (g) is the weight of the dry membrane 
before treating in NaCl solution.

Fabrication of electrochemical devices

Proton battery

A primary proton-conducting battery is fabricated using the 
highest conducting biopolymer membrane as the electro-
lyte and suitable electrodes (anode and cathode). The well 
grinded mixture of Zinc metal powder (Zn), Zinc Sulphate 
(ZnSO4.7H2O) and Graphite powder in a 3:1:1 ratio was used 
as the anodic material. Similarly, Lead dioxide (PbO2), Vana-
dium pentoxide (V2O5) and Graphite powder in ratio 4:1:0.5 
are grinded well and used as the cathodic material [35]. Pellets 
are formed from anode and cathode mixture using a pellatizer.

In between the anode and cathode pellets, the highest 
conducting biopolymer membrane (1 g GG: 0.9 M.wt % of 
NH4HCO2) is placed. The structure of the battery is,

The anode and cathode reactions are given below.
The anode reaction is,

The cathode reaction is,

The fabricated primary battery shows the OCV of 1.8 V 
(Fig. 6). When a load resistance of 100 kΩ is connected to 
the battery, the voltage drops to 1.78 V from 1.8 V and 17 
µA current is drawn. While discharging, the voltage drop 
gradually and became steady at 0.93 V and observe for 60 h. 
The cell parameters are listed in table S4.

There are few reports on primary Proton battery. Moniha 
et al. have reported on iota-carrageenan with NH4HCO2 
showing OCV of 1.56  V [16]. Maheshwari et  al. have 
reported OCV of 1.75 V for Dextran-PVA with NH4SCN 
[36]. The OCV 1.61 V and 1.78 V have been reported by 
Hemalatha et al. for PVA-Proline with NH4SCN [37] and 

IEC (mmol∕g) =
CNaOH × VNaOH

Wdry

Zn + ZnSO
4
.7H

2
O + C

||||1g Gellan Gum + 0.9M.wt % of NH
4
HCO

2
||||PbO2

+ V
2
O

5
+ C

n Zn + ZnSO
4
.7H

2
O ↔ Zn(n+1)SO4

.(7 − 2n)H2
O.2n(OH) + 2nH

+ + 2ne
−

PbO
2
+ 4H+ + 2e− ↔ Pb2+ + 2H

2
O

V
2
O

5
+ 6H+ + 2e− ↔ 2VO2+ + 3H

2
O

PVA-Proline with NH4Cl [38]. Selvalakshmi et al. have 
reported on Agar with NH4I showing OCV of 1.73 V [20].

Rechargeable proton battery

The rechargeable proton battery has been constructed using 
the electrodes, anode and cathode, coated on the current 
collectors copper and aluminum foil sheets and the high-
est conducting polymer electrolyte (1 g GG: 0.9 M.wt % of 
NH4HCO2).

The anode has been prepared using the Zinc metal pow-
der (Zn), Zinc Sulphate (ZnSO4.7H2O) and Graphite powder 
in the ratio 3:1:1 and mixed in the n-methyl 2-pyrollidone 
(NMP) solution to form slurry. The slurry has been uni-
formly coated using the doctor blade over the copper foil 
sheet and dried in hot air oven for 30 min at 40 ℃.

Similarly, the cathode has been prepared using the 
Manganese Oxide (MnO2) and Graphite powder in the 
ratio 3:1 and mixed in the NMP solution to form slurry 
and this slurry has been coated over the aluminum foil 
sheet uniformly using the doctor blade and allowed to dry 
in the hot air oven for 30 min at 40 ℃.

The dried anode and cathode were cut into required 
shapes and their thickness and weight has been measured. 
The anode, highest conducting polymer electrolyte and 
cathode were assembled in the battery holder as structured 
below.

After the construction of the cell, the initial voltage has 
been measured at room temperature. The Impedance meas-
urement has been taken and the cell was allowed to charge 
for 2 h with the DC voltage of 3 V and after that the cell was 
allowed to discharge for another 2 h. The output voltage has 
been measured. After repeating the charge and discharge 
cycle at room temperature for further 6 cycles (7th cycle), the 
cell has been subjected for Impedance measurement. After 
continuous charge and discharge cycle, various loads such 
as 100 Ω, 1 kΩ, 47 kΩ and 100 kΩ have been connected 
respectively. Allowing the cell for charge and discharge after 
connecting each load, their variation in output voltage and 
their corresponding variation in current have been recorded. 
After that the Impedance measurement has been carried out. 
From the impedance analysis, the resistance at every interval 
of cycle has been studied.

The Fig. 7a represents the charge and discharge for the 
7 cycles. The constructed cell exhibits the initial voltage of 
0.32 V before charging (Fig. 7b). On continuous charging 
and discharging, at the 4th cycle after the 2 h of charging, 
highest voltage of 2.27 V is observed.

Zn + ZnSO
4
.7H

2
O + C

||
||1g Gellan Gum + 0.9M.wt % of NH

4
HCO

2
||||MnO

2
+ C
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Figure S8 represents the variation of resistance for dif-
ferent cycles. As the interfacial resistance at the anode 
increase, the charging capacity of the cell decrease with 
time. Figure S9a–d represent the discharge characteristics 
of the cell for various loads, 100 Ω, 1 kΩ, 47 kΩ and 100 
kΩ respectively.

The charging and discharging characteristics of this pro-
ton cell at room temperature assure that the polymer electro-
lyte could be used for rechargeable proton battery.

Construction of single stack PEM fuel cell

On following the construction of Monisha et al. [15], the 
PEM Fuel cell has been constructed. The PEM fuel cell 
consist of hand tightened membrane electrode assem-
bly (MEA), thin gaskets, bipolar graphite plates, copper 
plates, teflon sheets and stainless steel plates. The various 
parts of fuel cell are shown in the Fig. S10a. The stain-
less steel base plate and the copper plate are separated 
by Teflon sheet, which acts as an insulator. The copper 
plates are generally the current collectors that have poor 
corrosion resistance and good electrical and thermal con-
ductivity; hence they are used in PEM fuel cells [39]. 
The bipolar graphite plate is kept over the copper plate. 
The bipolar graphite plate has the serpentine flow chan-
nel [39] of size 7.84 cm2. The hand tightened membrane 
electrode assembly has been assembled with the highest 

conducting polymer electrolyte (1 g GG: 0.9 M.wt % of 
NH4HCO2) in between the platinum coated carbon cloth in 
which the platinum has been coated uniformly at the rate 
of 0.3 mg/cm2 which acts a catalyst. This platinum coated 
carbon cloth of area ~ 8.41 cm2 acts as the catalyst layer 
for the chemical reaction. This MEA has been sandwiched 
between the bipolar graphite plates with the gaskets of 
thickness 0.2 mm. The gaskets have been used to tighten 
the MEA with bipolar graphite plates for the air free flow. 
The assembled single stack PEM fuel cell has been shown 
in the Fig. S10b.

The hydrogen and oxygen gases have been produced 
using the electrolyser (Fig. S10c). It is operated under a 
DC voltage supply of 3 V. From this electrolyser, 100 ml 
of hydrogen and 80 ml of oxygen has been passed into the 
PEM fuel cell. When the hydrogen molecule passes through 
the platinum coated carbon catalyst, it is broken into proton 
and electron. The electron passes through the external cir-
cuit. The proton passes through the membrane and reaches 
the other side, where the oxygen molecule is broken and it 
combines with proton to form water. We get a pollution free 
current and the pure water as byproduct. The overall reac-
tion of the PEM fuel has been represented below.

Anode reaction ∶ 2H
2
→ 4H+ + 4e−

Cathode reaction ∶ O
2
+ 4H+ + 4e− → 2H

2
O

Fig. 6   OCV and discharge 
characteristic curve for the cell 
having the highest conducting 
electrolyte (1 g GG: 0.9 M.wt 
% of NH4HCO2). Inset: OCV 
value
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The PEM fuel cell constructed using 1 g GG: 0.9 M.wt % 
of NH4HCO2 exhibits the open-circuit voltage of 763 mV. 
Figure 8a represents the open circuit potential of PEM fuel 
cell. At this same condition, the PEM fuel cell using Nafion™ 
212 proton exchange membrane has been constructed and 
the results were compared. The OCV of 758 mV has been 
obtained for Nafion™ 212 membrane Fig. 8b.

Various loads of 1 kΩ, 620 Ω, 270 Ω and 10 Ω have 
been connected as load across the both the PEM fuel 
cells (1 g GG: 0.9 M.wt % of NH4HCO2 and Nafion™ 212 

Overall reaction ∶ 2H
2
+ O

2
→ 2H

2
O membranes). The voltage and the corresponding current 

drawn are measured and plotted as graph (Fig S11a, b).
Monisha et al. has reported OCV of 656 mV for Cel-

lulose acetate incorporated with ammonium nitrate 
[15]. The fuel cell constructed using biopolymer Agar: 
NH4NO3 showed the OCV of 558 mV [18]. Selvalak-
shmi et al. reported OCV of 500 mV for NH4Br doped 
Agar polymer [20]. Moniha et al. has reported OCV of 
442 mV for i- carrageenan with NH4NO3 [40]; similarly 
for i- carrageenan with NH4SCN is 503 mV [41]. Meera 
Naachiyar et al. has reported OCV of 580 mV for GG 
biopolymer incorporated NH4SCN [6].

Fig. 7   a Charge and discharge cycles for the Rechargeable proton battery with highest conducting biopolymer electrolyte (1 g GG: 0.9 M.wt % 
of NH4HCO2) b Initial voltage of the rechargeable proton cell before charging

Fig. 8   a OCV of single PEM 
fuel cell constructed using a 1 g 
GG: 0.9 M.wt % of NH4HCO2 
electrolyte b Nafion™ 212 
membrane
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Conclusion

The highest conducting polymer electrolyte (1 g GG with 
0.9 M.wt % of NH4HCO2) has been prepared using the 
solution casting technique, which shows the conductivity 
of 5.62 ± 0.09 × 10–3 S/cm. The structural analysis of this 
electrolyte shows the amorphous nature with less crystallin-
ity percentage (7.12%) and low glass transition temperature 
(44.12 ℃). The variation in force constant values indicates 
the change in bond length of the molecules exhibits the inter-
action of salt with the polymer matrix. The performance of 
biopolymer electrolyte in primary battery, secondary battery 
and PEM fuel cell has been analyzed and highest cell poten-
tial of 1.78 V, 2.27 V and 763 mV has been observed. The 
results compared with the earlier reports revels the Gellan 
gum biopolymer incorporated Ammonium Formate salt as 
promising electrolyte that may provide sustainable model 
to allow greener electrochemical device fabrication with 
improved electrochemical performance.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10965-​022-​03190-4.
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