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Abstract
Concerning the pollution-free and eco-friendly materials, the prospect of using biopolymer as ion conducting matrix has been
investigated in this study. Biopolymer electrolyte based on agar with different concentrations of NH4Br has been prepared by solution
casting technique using water as solvent. The prepared electrolytes are characterized by X-ray diffraction analysis, Fourier-transform
infrared spectroscopy, AC impedance spectroscopy, and electrochemical stability. X-ray diffraction is done to study the nature
(amorphous/crystalline) of the polymer membranes. The complexation of the prepared polymer electrolytes has been studied using
Fourier-transform infrared (FTIR) spectroscopy. The maximum ionic conductivity of 1.33 × 10−4 S cm−1 has been obtained for 50
M.wt% NH4Br with agar polymer electrolyte. The temperature dependence of ionic conductivity of the prepared polymer electrolytes
obeys Arrhenius law. The ionic transference numbers of mobile ions have been estimated byWagner’s dc polarization method and the
results reveal that the conducting species are predominantly ions. The electrochemical stability is studied by linear sweep voltammetry.
A battery has been constructed using the highest conductivity sample and its output voltage is found to be 1.80 V. A proton-exchange
membrane fuel cell fabricated with the 50 M.wt% NH4Br-doped agar polymer electrolyte exhibited an output voltage of 500 mV.
These results of 50 M.wt% NH4Br-doped agar have been compared with 50 M.wt% agar:50 M.wt% NH4I biopolymer electrolyte.

Introduction

The term BSolid State Ionics^was first coined by Prof. Takehiko
Takahashi, Nagoya University in 1970. This science focuses
mostly on solid electrolytes in which conduction takes place
predominantly due to ions. The seed of the technological
achievements in this field has been sowed by the end of nine-
teenth century by Faraday. A further development has been

contributed by Nernst in 1897 with the development of a solid
electrolyte stabilized zirconia which was used in Nernst Glower.
Hence, with the efforts of the researchers, the sowed seed of this
field has flourished with the branches of various types of solid
electrolytes such as solid polymer electrolytes (SPEs), crystals,
glasses, and biopolymer electrolytes. In recent years, it has
bloomed as blossoms with flourishing fragrance in batteries [1,
2], sensors [3, 4], super-capacitors [5], electrochromic displays
[6], fuel cells [7], solar cells [8], and other applications.

Owing to the depletion of fossil fuels and growing energy
demand, there arises a necessity to find an alternate energy-
producing resource which means to be eco-friendly. Recently,
biopolymer materials, such as chitosan, corn starch, and car-
rageenan, have been used extensively as electrolytes [9–11].
S. C. Nunes et al. [12] have reported a conductivity value of
8.47 × 10−4 S cm−1 at room temperature for κ-carrageenan
with 1-butyl-3-methyl-1H-imidazolium chloride ionic liquid
and glycerol. Maximum conductivity value of 3.56 × 10−3 S
cm−1 at room temperature for i-carrageenan with ammonium
thiocyanate has been reported recently [13]. Biopolymer elec-
trolyte based on tamarind seed polysaccharide and lithium
chloride exhibited maximum conductivity of 6.7 × 10−3 S
cm−1 at room temperature [14]. By merely becoming more
environmentally aware, agar, a biopolymer, has been chosen
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as the host polymer for the production of solid polymer elec-
trolyte which finds application in energy storage devices and
solid-state devices. Agar which is extracted from seaweed has
good film-forming capability and mechanical strength.
Although agar is not a new material, the early use of agar in
electrochemical studies was limited to preparation of salt brid-
ges and in construction of some reference electrodes [15].
Recently agar has been used in some electrochemical cells
[16], dye sensitized solar cells [17], and for several industrial
uses. Agar is used in tissue engineering and pharmaceutical
for potential use in bone replacement [18]. L. An et al. [19]
have reported the synthesis and application of a novel, cost-
effective, and environmentally friendly agar chemical hydro-
gel (ACH) electrode binder in fuel-electrolyte-fed fuel cells.
Ellen Raphael et al. [20] have reported a conductivity value of
1.1 × 10−4 S cm−1 at room temperature for agar with acetic
acid. Nwanya et al. [21] has reported the values of the ion
conductivity obtained for the agar-based polymer films are
6.54 × 10−8, 9.12 × 10−8, 3.53 × 10−8, and 2.24 × 10−8 S
cm−1 for the agar/acetic acid, agar/lactic acid, agar/LiClO4,
and agar/KClO4 polymer films, respectively. Selvalakshmi
et al. [22] has reported the conductivity of agar with
NH4SCN as 1.03 × 10−3 S cm−1, 1.17 × 10−4 S cm−1 for agar
with NH4I [23]. Hence in the present study, biopolymer elec-
trolyte with agar and NH4Br has been prepared with water as
solvent. The prepared samples were then subjected to XRD,
Fourier-transform infrared spectroscopic analysis, AC imped-
ance spectroscopic analysis, and linear sweep voltammetry.
The highest conductivity sample was used to fabricate a bat-
tery and a fuel cell. The obtained results have been compared
with the reported values of agar with NH4I [23].

Materials and method

Materials

Agar of average molecular weight 120,000 Da (purity, 95%,
Condo-Forja) and NH4Br (purity, 99%, Spectrum) have been
used in the present work.

Preparation of electrolyte

The simplest technique called solution casting technique has
been employed in the synthesis of the biopolymer electrolytes.
The M.wt% of agar ranging from 100 to 40% and M.wt% of
NH4Br ranging from 10 to 60% was dissolved in hot double
distilled water. The solution was magnetically stirred for 3 h.
The homogeneous clear solution was casted in clean glass
petri dish and allowed to evaporate in a hot air oven at 40
°C. After 48 h, free standing transparent films were obtained
with thickness in the range 7–19 μm.

Electrolyte characterization

X-ray diffraction analysis

X-ray diffraction patterns of the prepared samples were re-
corded at room temperature on a Philips X’ Pert PRO diffrac-
tometer using Cu-Kα radiation in the range of 2θ = 10° to 90°
at the rate of 2° min−1 to determine the nature (crystalline/
amorphous) of the electrolytes.

Fourier-transform infrared spectroscopy

FTIR spectra were recorded for the proton-conducting poly-
mer electrolyte films in the range of 400–4000 cm−1 with
resolution 1 cm−1 at room temperature using a SHIMADZU-
IR Affinity-1 Spectrometer to investigate the complex forma-
tion between the polymer and the salt.

AC impedance spectroscopic analysis

Electrical measurements were performed on the polymer elec-
trolyte films in the frequency range 42–1MHz, at an operating
voltage of 1.1 V, over the temperature range 303–343 K by
sandwiching them between aluminum-blocking electrodes
using HIOKI 3532 LCR meter interfaced with a computer.

Transference number measurement

Wagner’s dc polarization method was employed to determine
the transference number. The prepared biopolymer electrolyte
was sandwiched between two aluminum-blocking electrodes
which were connected in series to a dc power supply of 12 V
through an ammeter. The polarization current is monitored as
a function of time for different voltages (1–2.5 V).

Linear sweep voltammetry

The electrochemical stability window of the polymer electro-
lyte was determined by means of linear sweep voltammetry
technique which was performed on a Bio-Logic VSP-300
multichannel workstation (France). LSV of the membranes
were carried out using stainless steel electrodes at a scan rate
of 0.1 mVs−1 scan rate at room temperature from 0 to 5 V.

Fabrication of proton battery

A proton battery was constructed using the highest conductiv-
ity sample which is sandwiched between cathode and anode.
The cathode material contains lead oxide (PbO2), vanadium
pentaoxide (V2O5), graphite, and the highest conductivity
electrolyte in the ratio 8:2:1:0.5. The anodic compartment
consists of zinc powder, zinc sulfate, and graphite in the ratio
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3:1:1. The cathode and anode are constructed in the form of
thin pellets.

Fabrication of fuel cell

The highest conductivity membrane was sandwiched between
two platinized carbon electrodes to form a membrane assem-
bly. The membrane assembly was then sealed tightly using
silicon gaskets between two bipolar graphite plates which
has flow channels. The hydrogen with a flow rate of 10 ml/
min and oxygen with a flow rate of 8 ml/min were supplied to
the single fuel cell with an electrolyser operated at a voltage of
3 V.

Results and discussions

X-ray diffraction analysis

The X-ray diffraction patterns obtained for the agar-based
polymer film electrolyte samples are shown in Fig. 1. The
diffraction pattern of pure agar shows peaks at 2θ = 13°,
20°, and 30° which have already been reported by Raphael
et al. [20]. On the addition of NH4Br, the broadness of the
peaks increases which indicates the increase in amorphous
nature of the biopolymer electrolytes. It is obvious from the
figures that the biopolymer electrolyte of compositions 50

M.wt% agar with 50 M.wt% NH4Br is more amorphous than
other composition which is revealed by the decrease of inten-
sity and the increase of broadness of the diffraction peak of
agar. This result is interpreted in terms of the Hodge criterion
which establishes a correlation between the intensity of the
peak and the degree of crystallinity [24]. This change of in-
tensity and broad nature of peaks in the polymer electrolyte
suggest the amorphous nature of the polymer electrolytes [25].
No peaks corresponding to pure NH4Br are observed in com-
plexed polymers up to 50M.wt% NH4Br-doped agar polymer
electrolytes. This indicates the complete dissociation of the
salt in the polymer matrix [26, 27].

The sharp peaks at 2θ = 30°, 38°, 44°, 49°, and 55° (JCPDS
file no. 85-099) in 40 M.wt% agar with 60 M.wt% NH4Br are
attributed to NH4Br. The occurrence of these peaks may be
due to the presence of undissociated salt in the polymer ma-
trix. This is because the polymer host is unable to accommo-
date the salt which leads to the aggregation of ions. In the case
of agar with NH4I polymer electrolyte, 50 M.wt% agar:50
M.wt% NH4I is more amorphous than other ratios [23].

Fourier-transform infrared analysis

Figure 2 shows the absorption peaks for agar and various
ratios of agar doped with NH4Br polymer electrolytes film.

The small peak at 1642 cm−1 observed in Fig. 2 for pure
agar is attributed to the O–H bending. The band at 2925 cm−1

Fig. 1 XRD patterns of (a) pure agar and agar doped with (b) 40 M.wt%
NH4Br, (c) 50 M.wt% NH4Br, (d) 60 M.wt% NH4Br

Fig. 2 FTIR spectra of (a) pure agar and agar doped with (b) 40 M.wt%
NH4Br, (c) 50 M.wt% NH4Br, (d) 60 M.wt% NH4Br
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in pure agar is due to CH stretching. The absorption band at
about 3400 cm−1 is associated with O–H stretching [28].
When NH4Br is added to agar, the polar group (O–H) in agar
will attract the salt molecules to be attached to it. Hence, the
peak at 1642 cm−1 due to O–H bending is observed to have
wave shift decrease up to 24 cm−1. The band at around 1642
cm−1 is found almost in all natural polymers which may be
due to the stretching vibration of the conjugated peptide bond
formed by amine (NH) and acetone (CO) groups [29]. In
NH4Br, the hydrogen bonding occurs with the N–H bond
within the tetrahedral ion, NH4

+, pointing towards Br− ion
and forming an N–H–Br hydrogen bond. Two of the four
hydrogen atoms of NH4

+ ions are bound identically, one hy-
drogen is bound more rigidly and the fourth more weakly. The
weakly bound hydrogen can easily be dissociated by applying
a dc electric field [30]. These H+ ions can hop via each coor-
dinating site at the band 1642 cm−1 of the host polymer (agar)
and thus conduction takes place. The conduction is due to the
interaction of ions between coordinate sites (Grotthus mecha-
nism) [31]. The possible interaction between the biopolymer
agar and NH4Br is shown in Fig. 3.

In Fig. 2, the peak at 1373 cm−1 in pure agar is
assigned to ester sulfate [32] and the bands at 1039
cm−1 and 934 cm−1 in pure agar are associated with
the 3,6-anhydro-galactose bridges [33]. A summary of
characteristic bands of agar with NH4Br films are pre-
sented in Table 1. It is observed that with the addition
of NH4Br, a new peak has been formed at 1437 cm−1 in
60 M.wt% agar:40 M.wt% NH4Br. The increase in salt
content caused an increase in the intensity of absor-
bance band at 1437 cm−1. This is due to the fact that
mixing a polymer and a salt leads to shift in character-
istic peaks as a reflection of the physical and chemical
interactions. These observations indicate the complex
formation between agar and NH4Br.

AC impedance spectroscopic analysis

Impedance spectroscopy has been employed to deter-
mine the conductivity of the prepared biopolymer elec-
trolytes. The ionic conductivity depends on several fac-
tors, such as ionic conducting species concentration,
mobility of charge carriers, and the temperature [34].
Figure 4 shows the Nyquist plot of agar doped with
different ratios of NH4Br.

The Nyquist plots of agar doped with different concen-
trations of NH4Br show a low frequency spike and that of
pure agar shows a depressed high-frequency semicircle
followed by a low-frequency spike. The high-frequency
semi-circle can be related to the parallel combination of
bulk resistance (Rb) and bulk capacitance (Cb) of the ma-
terial and the linearly rising pattern (spike) reveals the
adsorption of ions at the electrode-electrolyte interface
and it could be represented as a constant phase element
(CPE) [35]. With the addition of NH4Br to pure agar, the
semicircle disappears representing that only resistive com-
ponent prevails in the polymer matrix. The bulk resistance
can be retrieved using Boukamp software [36].

The ionic conductivity values for all ratios of agar with
NH4Br polymer electrolyte at 303 K and 343 K have been
listed in Table 2. The highest conductivity has been found
to be 1.33 × 10−4 S cm−1 at ambient temperature for 50
M.wt% NH4Br:50 M.wt% agar. Samsudin AS and Isa MIN
[37] have reported a conductivity value of 1.12 × 10−4 S
cm−1 for carboxymethyl cellulose (CMC) with NH4Br
based biopolymer electrolytes. Maximum conductivity
value of 3.61 × 10−4 S cm−1 for hydroxyethyl cellulose
(HEC) with NH4Br based biopolymer electrolytes by Sit
YK et al. [38]. Cornstarch-based electrolytes doped with
NH4Br exhibited conductivity value of 5.57 ± 1.88 × 10−5

S cm−1 [39]. The obtained conductivity value for 50%

Fig. 3 Possible interaction between H+ ion and agar polymer matrix
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NH4Br:50% agar is slightly greater than the value reported
for CMC with NH4Br and cornstarch with NH4Br but less
than that of HEC with NH4Br. Boopathi et al. [40] have
obtained a maximum conductivity of 6.57 × 10−4 S cm−1

for agar with NH4NO3 which is slightly greater than the
value reported in the present study. A conductivity value of
1.17 × 10−4 S cm−1 is observed for 50 M.wt% agar with 50
M.wt% NH4I. The conductivity value obtained for agar
doped with NH4Br is slightly greater than that obtained
for NH4I which may be due to the impact of ionic radius.
The ionic radius of bromide ion (1.96 Ǻ) is less than that of
iodide ion (2.2 Ǻ). Hence, more free volume is produced
for agar with bromide membrane. This increased free vol-
ume helps the free movement of protons and hence the
conductivity increases.

Temperature-dependent conductivity

Ionic conductivity of pure agar and NH4Br doped agar poly-
mer electrolytes fitted with Arrhenius relationship ranging
from ambient temperature until 343 K. It was observed that
the ionic conductivity of the prepared biopolymer electrolytes
increases with increase in temperature for all the ratios. The
regression values were found to be close to unity, suggesting
that the conductivity values of agar-based polymer electro-
lytes at different temperatures follow the Arrhenius equation,

σ ¼ σoexp −Ea=kTð Þ

where σo is the pre-exponential factor, Ea is the activation
energy, and k is the Boltzman constant.

Fig 4 Nyquist plot for (a) pure
agar, (b) 90 M.wt% agar:10
M.wt% NH4Br, (c) 80 M.wt%
agar:20 M.wt% NH4Br, (d) 70
M.wt% agar:30 M.wt% NH4Br,
(e) 60 M.wt% agar:40 M.wt%
NH4Br, (f) 50 M.wt% agar:50
M.wt% NH4Br, (g) 40 M.wt%
agar:60 M.wt% NH4Br at 303 K

Table 1 Absorption peaks for
agar and various ratios of agar
doped with NH4Br polymer
electrolytes

Wavenumber (cm−1) Assignment

Pure
agar

60% agar:40%
NH4Br

50% agar:50%
NH4Br

40% agar:60%
NH4Br

3404 3198 3113 3101 O–H stretching

– – 3014 3013 O–H stretching

2925 – 2887 2886 CH stretching

– – 2799 2799 CH stretching

1642 1642 1738 1716 O–H bending

- 1437 1394 1349 C–O–H bending

1373 1361 1361 1361 CH2 bending

1158 1170 1194 1206 Ester-sulfate link
vibrations

1039 1045 1069 1093 CH2 scissoring

934 931 931 931 Ester-sulfate link
vibration
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According to Druger et al. [41], the increase in conductivity
with temperature in polymer electrolytes may be attributed to
increase in free volume of the system and segmental mobility
of the polymer matrix. Ionic transportation is enhanced with
increasing temperature. The activation energy values for ionic
conduction in different ratios of the polymer electrolyte cal-
culated from the Arrhenius plots are shown in Table 2. It has
been observed that 50 M.wt% NH4Br-doped agar membrane
shows the highest conductivity, but bears the low activation
energy of 0.23 eV in the system. This reveals that 50 M.wt%
NH4Br-doped agar membrane manifests higher flexibility of
polymer backbone coupled with increased segmental mobility
within the polymer chains. Hence, this highest conductivity
membrane requires the lowest activation energy for the hop-
ping process. For further increase of salt content (60 M.wt%
NH4Br), the activation energy increases due to aggregation of
ions, thus decreasing the number of mobile charge carriers.
Similar condition prevails in agar with NH4I biopolymer elec-
trolytes. The highest conductivity sample 50M.wt% agar with
50% NH4I exhibits low activation energy of 0.43 eV. The
increase in activation energy of 50% agar with 50 M.wt%
NH4I than that of 50 M.wt% agar with 50 M.wt% NH4Br
may be attributed to the increase in ionic radius and it is found
to be consistent with the conductivity values. The activation
energy of 0.04 eV has been reported for agar with NH4NO3

[40] which is less than that of agar with NH4Br and NH4I.

Transference number measurement

Ionic transference number is one of the most important param-
eter for the characterization of polymer electrolyte materials.
Transference numbers were evaluated using Wagner’s dc po-
larizing technique [42] using blocking electrodes. To deter-
mine the ionic contribution to the total conductivity of the
polymer electrolyte films, the highest conductivity membrane
(50M.wt% agar:50M.wt%NH4Br) was sandwiched between
two aluminum-blocking electrodes. The Al/(agar+NH4Br)/Al
cell was polarized at 303 K by a dc power supply of 12 V. The
schematic diagram of the experimental setup is shown in

Scheme 1. Three trials have been performed on the highest
conductivity sample (50 M.wt% agar:50 M.wt% NH4Br) and
the average values have been given in Table 3. The polariza-
tionmeasurements have been performed at 1 V, 1.5 V, 2 V, and
2.5 V for the highest conductivity sample (50 M.wt% agar:50
M.wt% NH4Br) and the polarization curves have been shown
in Fig. 5.

The appearance of initial polarization current on applica-
tion of the different potential was proportional to the dc ap-
plied field but subsequently it starts decreasing with time. The
transference numbers (tion, tele) were calculated using the
equations

tion ¼ 1−I f=I i
tele ¼ 1−tion

where Ii is the initial current and If is the final current. The
ionic transference number (tion) values are in the range 0.95 ±
0.01 to 0.98 ± 0.01. This suggests that the charge transport in
these polymer electrolytes are predominately due to ions. The
electronic contribution to the total current is negligible in all
the polymer electrolyte films [43]. The ionic transference
number (tion) of the present polymer electrolyte films is close
to unity and hence these electrolytes are suitable for solid-state
electrochemical cells. Hema et al. [31] have reported that the
values of tion lie between 0.93–0.96 for PVA-NH4Br polymer
electrolytes.

Linear sweep voltammetry

In order to fabricate polymer electrolyte for electrochemical
devices, it is essential to determine the electrochemical stabil-
ity window of the membrane where no oxidation or reduction
take place in the polymer matrix. Concerning this point of
view, the highest conducting biopolymer membrane (50
M.wt% agar:50M.wt%NH4Br) was subjected to linear sweep
voltammetry. The linear sweep voltammetry experiment
employed inert stainless steel disc as working electrode and
stainless steel plate as reference and counter electrodes. The

Table 2 Ionic conductivity and activation energy values of the various ratios of agar with NH4Br at different temperatures

Ratio of
agar:NH4Br

Ionic conductivity (σ ) (S cm−1) for different ratios of agar:NH4Br Activation energy (Ea)
(eV)

303 K 313 K 323 K 333 K 343 K

Pure agar-agar 2.38 ± 0.02 × 10−5 2.58 ± 0.11 × 10−5 3.91 ± 0.05 × 10−5 6.60 ± 0.03 × 10−5 6.84 ± 0.01 × 10−5 0.40 ± 0.01

90:10 2.61 ± 0.01 × 10−5 3.97 ± 0.04 × 10−5 4.83 ± 0.16 × 10−5 7.89 ± 0.06 × 10−5 8.62 ± 0.08 × 10−5 0.38 ± 0.02

80.20 3.90 ± 0.1 × 10−5 5.19 ± 0.23 × 10−5 6.49 ± 0.02 × 10−5 8.86 ± 0.02 × 10−5 9.51 ± 0.11 × 10−5 0.37 ± 0.01

70:30 5.17 ± 0.12 × 10−5 6.48 ± 0.07 × 10−5 9.66 ± 0.13 × 10−5 1.53 ± 0.24 × 10−4 2.65 ± 0.03 × 10−4 0.35 ± 0.02

60:40 9.87 ± 0.14 × 10−5 1.17 ± 0.1 × 10−4 1.84 ± 0.05 × 10−4 4.36 ± 0.12 × 10−4 7.02 ± 0.16 × 10−4 0.28 ± 0.03

50:50 1.33 ± 0.02 × 10−4 2.95 ± 0.04 × 10−4 4.25 ± 0.23 × 10−4 9.49 ± 0.21 × 10−4 1.89 ± 0.11 × 10−3 0.24 ± 0.01

40:60 2.72 ± 0.06 × 10−5 9.21 ± 0.02 × 10−5 1.35 ± 0.12 × 10−4 2.22 ± 0.34 × 10−4 8.63 ± 0.22 × 10−5 0.33 ± 0.02
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stainless steel/50 M.wt% agar:50 M.wt% NH4Br polymer
electrolyte/stainless steel cell was constructed and utilized at
a scan rate of 1 mV/s from 0 to 5 V. Figure 6 shows the linear
sweep voltammogram of the highest conducting (50 M.wt%
agar:50 M.wt% NH4Br) polymer electrolyte as a function of
voltage. The linear sweep voltammogram revealed that the
electrochemical stability window for 50 M.wt% agar–50
M.wt% NH4Br system is up to 2.5 V. The electrochemical
stability window for 50 M.wt% agar–50 M.wt% NH4I is up
to 2.4 V which is slightly less than the value obtained for 50
M.wt% agar–50M.wt% NH4Br films. Electrochemical stabil-
ity window of 2.46 V has been reported for iota-carrageenan
(Ι-carrageenan) with ammonium nitrate (NH4NO3) membrane
[13] which lies between the value obtained for agar:NH4I and
agar:NH4Br. Shukur MF et al. [39] has reported electrochem-
ical stability window of 1.66 V for starch:NH4Br:glycerol.
From the reported works, it is obvious that agar:NH4Br has
electrochemical stability which is suitable for electrochemical
devices.

Battery characterization

For a successful proton battery, an anode capable of sup-
plying or injecting H+ ions into the battery electrolyte, a
proton-conducting polymer electrolyte, and a cathode are
needed. K. Singh et al. [44] showed that ZnSO4.7H2O is a
potential candidate for solid state, proton-conducting bat-
teries. Metallic zinc is preferred in the anode compartment
due to its superiority than other metals [45]. Kamlesh
Pandey et al. [46] reported the best performance of the

battery is achieved when the intercalating cathodes such
as PbO2 and V2O5 are used as mixture.

In the present investigation, the highest conducting
polymer electrolyte (50 M.wt% agar:50 M.wt% NH4Br
) is sandwiched between the prepared cathode (V2O5 +
PbO2 + C) and anode (Zn + ZnSO4.7H2O + C + poly-
mer electrolyte) and placed in the battery holder (Fig.
7A), which is connected to a multimeter to measure the
open circuit voltage (OCV).

The prepared cell exhibited an open-circuit voltage of
1.80 V (Fig.7B) and it endured for 63 h. When a load of 1
MΩ is connected, the cell exhibited a closed-circuit voltage of
1.71 V which retained for 12 h. Figure 7 C shows the dis-
charge characteristics of the constructed cell. Parameswaran
et al. [47] have reported an OCV of 1.2 V for PVA/PVP/
NH4Br-based polymer electrolytes. The cell constructed with
50% agar:50% NH4I exhibited open-circuit voltage of 1.73 V
and with a load of 1MΩ, it exhibited 1.61 V. During discharge
with 1 MΩ load, 0.78 V has been observed by Parameswaran
et al. [47].

Table 4 exhibits the cell parameters of the constructed cell
which show that the developed solid-state electrochemical cell
is simple, economical, and eco-friendly.

Scheme 1 Experimental setup
for Wagner’s dc polarization
technique

Fig. 5 Polarization current vs. time plot of 50 M.wt% agar:50 M.wt%
NH4Br

Table 3 Transference number for 50 M.wt% agar doped with 50
M.wt% NH4Br at various voltages

S. no Voltage (V) Transference number

1. 1 0.95 ± 0.01

2. 1.5 0.96 ± 0.02

3. 2 0.97 ± 0.02

4. 2.5 0.98 ± 0.01
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Construction of single PEM fuel cell

Fuel cells have attracted attention due to their potential
as a promising alternative to traditional power sources.

They are eco-friendly zero-emission power sources. A
proton-exchange membrane (PEM) fuel cell transforms
the chemical energy liberated during the redox reaction
of hydrogen and oxygen directly to electrical energy. In
the present study, a PEM fuel cell was constructed as
designed by Monisha et al. [7] using the highest proton
conducting membrane (50 M.wt% agar:50 M.wt%
NH4Br) which was sandwiched between the electrodes.
The PEM fuel cell was constructed with bipolar graphite
plates etched with parallel flow channel of size 7.4 cm2

and sealed by silicon gaskets. These plates are mounted
on two acrylic base plates. Over the flow channels of
either graphite plates, platinized carbon cloths of area
8.4 cm2 coated with Pt at a uniform rate of 0.15 mg/
cm were placed. These platinized carbon cloths act as
cathode and anode. The platinum layer acts as a cata-
lyst. A voltage of 3 V was supplied to a small
electrolyser to produce hydrogen and oxygen separately
which are the fuels for the constructed single PEM fuel
cell at a flow rate of 10 ml/min and 8 ml/min
respectively.

Fig. 7 (A) Schematic diagram of cell arrangement. (B) Open-circuit voltage. (C) Discharge performance of an electrochemical cell. (D) Photograph of
open-circuit voltage for the cell constructed using the highest conducting membrane 50 M.wt% agar:50 M.wt% NH4Br

Fig. 6 Linear sweep voltammetry curve for the film of 50% agar
containing 50% NH4Br
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The anode and the cathode reaction for a PEM fuel cell are
given in below equations:

Anode Reaction : 2H2→4Hþ þ 4e−

Cathode Reaction : O2 þ 4Hþ þ 4e−→2H2O

Overall Cell Reaction : 2H2 þ O2→2H2O

The newly constructed PEM fuel cell with 50% agar:50%
NH4Br biopolymer electrolyte exhibited a voltage of 500 mV
and is shown in Fig. 8.

Similarly, we have already reported an OCV of
408 mV for PEM fuel cell constructed with agar and
NH4I [48]. Literature survey show that fuel cell has been
constructed with biopolymer electrolytes cellulose acetate
with NH4NO3 [7] and NH4SCN [49] which exhibited an
output voltage of 656 mV and 685 mV respectively.
Boopathi et al. [40] has reported an output voltage of
558 mV for a single PEM fuel cell fabricated with a
biopolymer membrane agar-agar with NH4NO3. The ob-
tained output voltage for the PEMFC in present study is
less than the values reported by Monisha et al. [7] and
Boopathi et al. [40] but greater than the value obtained
for agar with NH4I. Yet the value can be enhanced by
doping either fillers or plasticizers with agar-agar:NH4Br
in future. The obtained voltage suggests that the biopoly-
mer membrane with a combination of agar and NH4Br is
a worthy candidate for fuel cell applications than a com-
bination of agar and NH4I.

From the comparative chart (Table 5), it is obvious that the
biopolymer electrolyte based on agar with NH4Br is more
efficient than agar with NH4I which may be due to the impact
of ionic radius. Since the ionic radius value of bromide (1.96
Ǻ) is slightly less than the ionic radius value of iodide (2.2Ǻ),

Table 4 Cell parameters calculated for plateau region for the discharge
curve

S. no Cell parameters Agar 50%:NH4Br 50%

1 Open-circuit voltage (OCV) 1.80 V

2 Current 536 μA

3 Weight of the cathode 1.022 mg

4 Weight of the anode 0.464 mg

5 Weight of the cell 1.487 mg

6 Thickness of anode 2.243 mm

7 Thickness of cathode 2.214 mm

8 Area of the cell 1.1304 cm2

9 Discharge time 12 h

10 Current density 474.17 μA cm−2

11 Power density 508 mW kg−1

12 Energy density 6.09 Wh kg−1

13 Discharge capacity 6.96 mAh

Fig. 8 (A) Single fuel cell
assembly. (B) Components of
single fuel cell. (C) Output volt-
age of single fuel cell
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the pathway for proton hopping is free in agar with NH4Br
electrolytes. The greater ionic radius of iodide may hinder the
proton migration and thus the overall parameters are found to
be less for agar with NH4I than that obtained for agar with
NH4Br.

Conclusions

Agar-based proton-conducting polymer electrolytes with
NH4Br in different ratios have been prepared by solution-
casting technique using double distilled water as solvent. X-
ray diffraction reveals the amorphousness of the polymer elec-
trolytes. The FTIR analysis confirms the complex formation
between the polymer and the salt. From the impedance anal-
ysis, it has been observed that the 50 M.wt% NH4Br-doped
agar polymer complex has the highest conductivity of 1.33 ×
10−4 S cm−1 at ambient temperature. The temperature-
dependent conductivity of polymer electrolytes obeys
Arrhenius behavior. The activation energy estimated from
the Arrhenius plot has been found to be 0.24 eV for 50
M.wt% NH4Br-doped agar polymer electrolyte. The 50
M.wt% NH4Br-doped agar polymer electrolyte has the
highest dielectric constant indicating high-storage capacity.
The ionic transference number and other transport parameters
were determined which revealed that the conducting species
are predominantly H+ ions. The battery that has been fabricat-
ed by using the highest conducting composition 50 M.wt%
agar:50 M.wt% NH4Br polymer electrolyte film is found to
perform with an OCVof 1.80 V and the constructed PEMFC
exhibited an open-circuit potential of 500 mV. From the re-
sults obtained, it is clear that the biopolymer electrolyte based
on agar with NH4Br is more efficient than agar with NH4I for
the application in solid-state devices.
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