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a b s t r a c t

Proton conducting materials create prime interest in electro chemical device development. Present work
has been carried out to design environment friendly new biopolymer electrolytes (BPEs) using cellulose
acetate (CA) complex with different concentrations of ammonium nitrate (NH4NO3), which have been
prepared as film and characterized. The 50 mol% CA and 50 mol% NH4NO3 complex has highest ionic con-
ductivity (1.02 × 10−3 S cm−1). Differential scanning calorimetry shows the changes in glass transition
temperature depends on salt concentration. Structural analysis indicates that the highest ionic conduc-
tivity complex exhibits more amorphous nature. Vibrational analysis confirms the complex formation,
roton conduction
onic conductivity
FT calculations
roton battery
uel cell

which has been validated theoretically by Gaussian 09 software. Conducting element in the BPEs has
been predicted. Primary proton battery and proton exchange membrane fuel cell have been developed
for highest ionic conductivity complex. Output voltage and power performance has been compared for
single fuel cell application, which manifests the present BPE holds promise application in electrochemical
devices.

© 2016 Elsevier Ltd. All rights reserved.
. Introduction

The source of energy from “green materials” has gained signifi-
ance due to the consequences of global warming and energy crisis.
rom this green viewpoint, many researchers took effort to develop
ew biopolymer electrolytes (BPEs). Biopolymer based electrolytes
ave overcome the main shortcoming of synthetic polymer elec-
rolytes such as high cost and not being environmentally green.
ence, it is imperative to develop BPE in many electrochemical
evices such as fuel cell, solar cell, battery, sensors and super capac-

tors (Ramesh, Liew, & Arof, 2011).
In order to develop environment friendly polymer electrolytes,

ome of the essential and necessary requirements are membrane

ith good ionic conductivity, low cost, good dimensional and good
echanical stabilities (Samsudin, Khairul, & Isa, 2012). Natural

olymers meet the above requirements so as to use as an elec-

∗ Corresponding author.
E-mail address: sekarapandian@rediffmail.com (S. Selvasekarapandian).
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trolyte. Recently, researchers proposed many natural polymers
such as cellulose and its derivative (Yue & Cowie, 2002; Yue,
McEwen, & Cowie, 2003), starch (Ramesh et al., 2011), chitosan
(Shukur, Yusof, Zawawi, Illias, & Kadir, 2013), and carboxylmetyl-
cellulose (Samsudin, Lai, & Isa, 2014), which are suitable to be used
as host polymer in the BPEs.

Among the natural polymers, polysaccharide polymer cellu-
lose acetate (CA) has got a number of good quality to process as
membrane with good adhesion, an excellent transparency, non-
toxic nature, low cost, biodegradable and biocompatible (Daniel
Cerqueira, Artur Valente, Guimes Filho, & Hugh Burrows, 2009; Xiao
et al., 2004). Due to this ability, CA has been studied intensely for
various applications (Chou, Yu, Yang, & Jou, 2007; Edgar et al., 2001).
Additionally, it contains anionic polysaccharide in its backbone,
which has high affinity towards proton ions. The main limitation
of CA has been attributed to its high crystalline nature, which gives
the lowest ionic conductivity of order 10−7 S cm−1. To overcome the

above limitation, natural polymer CA has been doped with ammo-
nium salts like ammonium thiocyanate (NH4SCN) (Monisha et al.,
2016; Woo, Majid, & Arof, 2012), ammonium nitrate (NH4NO3)

dx.doi.org/10.1016/j.carbpol.2016.09.026
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2016.09.026&domain=pdf
mailto:sekarapandian@rediffmail.com
dx.doi.org/10.1016/j.carbpol.2016.09.026


rate P

(
(
f
s
H
f
g
e
w
1
R
S
u
b
o
o
w
G
fi
p
L
e
u
e
m

c
p
s
a
P
t
b
K
g
i
a
A
i
a
2
o

w
t
p
s
i
t
t
b
h
5
f
d

2

2

A
5
(
v

S. Monisha et al. / Carbohyd

Kadir, Aspanut, Majid, & Arof, 2011), and ammonium iodide
NH4I) (Kumar, Tiwari, & Srivastava, 2012), which provide ions
or conduction. Ammonium salts are chosen because it is con-
idered as good proton donor to the polymer matrix (Chandra,
ashmi, & Prasad, 1990; Kumar & Sekhon, 2002). Daniel et al.

ound that in the polyethylene oxide (PEO)-ammonium hydro-
en sulphate (NH4HSO4) and poly(acrylic acid) (PAA)-NH4HSO4
lectrolytes anions were practically immobile and NH4

+ cations
ere the dominant charge carriers (Daniel, Desbat, & Lassegues,

998). Previous Researchers (Abidin, Ali, Hassan, & Yahya, 2013;
amesh, Shanthi, & Morris, 2012; Ramesh, Shanthi, & Morris, 2013;
elvakumar & Krishna Bhat, 2008) have developed CA membrane
sing lithium salts. Recently, cellulose and its derivatives have
een successfully employed in Li-ion batteries for the production
f electrodes, separators or as reinforcing agents in gel polymer
r solid polymer electrolytes. Cellulose based Li-ion batteries are
ell reviewed by Jabbour et al. (Jabbour, Bongiovanni, Chaussy,
erbaldi, & Beneventi, 2013). Weng et al. investigated the use of
brous cellulose membrane for developing the separators for high
erformance lithium ion batteries (Weng, Xu, Alcoutlabi, Mao, &
ozano, 2015). A cellulose based composite nonwoven has been
xplored as lithium ion battery separator by Zhang et al: The cell
sing the composite separators displayed better rate capability and
nhanced capacity retention, which is compared to those of com-
ercialized polypropylene separator (Zhang et al., 2013).

Harun et al. reported that the dielectric behavior of CA
omplexes with ammonium tetrafluroborate (NH4BF4) and
olyethyleneglycol (PEG) (Harun, Ali, Ali, & Yahya, 2012), which
uggest that CA-NH4BF4 film has conductivity of 2.18 × 10−7 S cm−1

nd it enhanced to 1.41 × 10−5 S cm−1 with addition of 30 wt% of
EG. Johari et al. carried out a study on CA based gel polymer elec-
rolytes and reported the ionic conductivity, which was found to
e 10−2 S cm−1 (Johari, Kudin, Ali, Winie, & Yahya, 2009; Johari,
udin, Ali, & Yahya, 2009). However, one of the drawbacks of this
el polymer electrolyte is the lack of long-term structural stabil-
ty, which causes a reduction of the contact area with the electrode
nd a resultant fall in conductance (Quartarone, Tomasi, Mustarelli,
ppetecchib, & Croceb, 1998). Indeed, solid BPE is capable of operat-

ng as thin films of desirable size, satisfactory mechanical properties
nd good contact with electrode materials (Winie, Ramesh, & Arof,
009). Literature survey reveals that the proton transport studies
f CA based polymer complexes are scarce.

In this communication, we study the biopolymer CA doped
ith different concentration of NH4NO3 and it has been charac-

erized by various techniques namely, ionic conductivity, thermal
roperties, structural conversion and complexation. The infrared
pectrum has been simulated theoretically and validated by exper-
mentally recorded spectrum, which gives deep understanding on
he complex formation of BPE system. The potential of highest pro-
on conducting BPE as an electrolyte system in battery has also
een studied. A new proton exchange membrane (PEM) fuel cell
as been constructed using highest proton conducting membrane
0CA:50NH4NO3. Output voltage and power performance of the
uel cell with 50CA:50NH4NO3 membrane is compared with stan-
ard nafion 117.

. Materials and methods

.1. Materials

Polymer Cellulose Acetate (CA) has been purchased from Sigma

ldrich (Average Mn = 50,000 by GPC, P.Code:1001345528, 419028-
00G, lot# MWBK7408V). The salt ammonium nitrate (NH4NO3)
M.W = 80.024 g/mol) has been purchased from NICE chemicals pri-
ate Ltd., Kerala, India. The solvent dimethyl formamide (DMF)
olymers 157 (2017) 38–47 39

(M.W = 73.08 g/mol, density = 0.948–0.949 kg/m3) has been pur-
chased from Merck specialities private Ltd., Mumbai, India. All the
chemicals have been used without any further purification.

The cellulose acetate is crystalline in nature. The crystalline
nature of the polymer will be changed due to the addition of
NH4NO3, which has been confirmed by powder XRD.

2.2. Preparation of biopolymer electrolyte films

CA and NH4NO3 complex has been synthesized by solution
cast-technique with different concentrations. The CA and NH4NO3
complex has been prepared by dissolving CA and NH4NO3 in DMF
with proper ratios [(90:10), (80:20), (70:30), (60:40), (50:50) and
(40:60) (CA:NH4NO3)] and stirred continuously until a homoge-
nous solution was obtained. Then the solution has been transferred
into petri dish and dried at 60 ◦C to eliminate the solvent. The
obtained film was  taken for further characterization.

2.3. Characterization techniques

2.3.1. Electrochemical impedance spectroscopy (EIS)
Impedance analysis has been performed using impedance spec-

trometer, which is a powerful method for characterizing the ionic
conductivity of freshly casted samples. Prior testing, the thickness
of the films was measured by using micrometer screw gauge. Then,
the films with well known thickness (0.22–0.66 �m) have been
sandwiched between two stainless steel blocking electrodes and
tested using HIOKI 3532 in the range of 42 Hz–1 MHz with various
temperatures from 303 K to 343 K.

2.3.2. Differential scanning calorimetry (DSC)
The thermal stability of the BPEs has been studied using DSC

Q20 V4.10 build 122 with a resolution of 0.01 mg.  The films were
taken in an aluminum pan and heated up to 500 ◦C with the heating
rate of 5 ◦C/min under controlled air atmosphere and the films were
purged using nitrogen atmosphere during the measurements. Dry
nitrogen gas at the rate of 50 ml/min has been purged through the
cell during the thermal treatment.

2.3.3. X-ray diffraction (XRD) analysis
The amorphousity of BPE has been investigated using XRD. The

XRD patterns of the films were recorded at room temperature by
X’ pert pro diffractometer system using the Cu-k� radiation in the
range of 2�= 10◦–90◦.

2.3.4. Fourier transform infrared (FTIR) spectroscopy
The complex formation between the chemical constituents in

the CA polymer matrix and the salt has been analyzed by using
FTIR. FTIR spectrum of the films was recorded in the wavenum-
ber range 2500–650 cm−1 at room temperature using BRUCKER
spectrophotometer.

2.3.4.1. Computational details. The molecular structure of CA and
CA:NH4NO3 complex has been optimized by the DFT/B3LYP
method with 6-31G(d,p) basis set using Gaussian 09 program. The
IR spectrum of the CA and CA:NH4NO3 complex has been simu-
lated. The vibrational assignments have been made by Gauss View
05 program using the animation option. The calculated vibrational
frequencies have no imaginary values, which indicates that the
optimized molecular structure of CA and CA:NH4NO3 complex have
been located at the local minimum potential energy surface.
2.3.5. Transference number measurement (TNM)
TNM has been performed using dc polarization method in order

to prove the proton conduction in BPEs system. The dc current was
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Fig. 1. (A) Cole–Cole plot for (a) 90CA:10NH4NO3, (b) 80CA:20NH4NO3, (c)
70CA:30NH4NO3, (d) 60CA:40NH4NO3, (e) 50CA:50NH4NO3, (f) 40CA:60NH4NO3,
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g)  Pure CA BPEs and the corresponding equivalent circuit. (B) Temperature depen-
ence ionic conductivity of (a) Pure CA (b) 90CA:10NH4NO3. (c) 80CA:20NH4NO3,
d) 70CA:30NH4NO3, (e) 60CA:40NH4NO3 and (f) 50CA:50NH4NO3 BPEs.

onitored as a function of time on the application of fixed dc volt-
ge (1.5 V) across the sample mounted between two stainless steel
lectrodes.

.3.6. Fabrication of proton battery and fuel cell
Using the highest conducting BPE 50CA:50NH4NO3 a proton

attery and a PEM fuel cell have been constructed and their results
re discussed.

. Results and discussion

.1. Ionic conductivity study

The ionic conductivity of BPEs depends on several factors,
uch as ionic conducting species, types of charge carriers (cationic
r anionic) and the temperature. The evolution of the typical

mpedance plot (Z′ and Z′′) as a function of variation in CA:NH4NO3
atrix has been shown in Fig. 1A. In general, the complex

mpedance plot has high frequency semicircle ascribed to the
ulk of polymer electrolytes, whereas the low frequency spike is
ue to the capacitance of the double-layer formed at the elec-
rode/electrolyte interface (Baskaran, Selvasekarapandian, Kuwata,

awamura, & Hattori, 2006; Ravi et al., 2011).

From Fig. 1A it has been evidenced from the impedance response
ehavior, the decrease in the high frequency semicircular por-
ion upon doping NH4NO3 from 10 to 50 wt% concludes that the
olymers 157 (2017) 38–47

current carriers are ions and the total conductivity, is mainly the
result of ion conduction (Jaco, Prabaharan, & Radhakrishna, 1997).
The equivalent circuit has been shown in Fig. 1A. EIS parameters
have been obtained by using EQ software program developed by
Boukamp (1986a, 1986b), where the resistance value of pure CA
was obtained as 61.2 × 103�,  whereas for 10–50 mol% of NH4NO3
doped with CA polymer electrolyte the value of resistance has
decreased from 3646 � to 17.1 �.  The constant phase element
(CPE) value for pure CA was  obtained as 2.66 × 104 �F. The NH4NO3
doped with CA polymer electrolyte have CPE values in the range
of 0.0049 to 8.01 �F. The highest conductivity polymer electrolyte
50CA:50NH4NO3 has Rb = 17.1 � and CPE = 8.01 �F.

The ionic conductivity (�) of the polymer electrolytes is calcu-
lated using the equation,

� = L

A × Rb
S cm−1

where L is the thickness, Rb is the bulk resistance and A is the con-
tact area of the electrolyte film. Table 1 indicates the calculated
ionic conductivity for different concentration of CA:NH4NO3 BPEs
with various temperature. Table 1 illustrates that the ionic conduc-
tivity increases with increase in NH4NO3 and attains a maximum
value of 1.024 × 10−3 at room temperature for 50CA:50NH4NO3,
which has greater ionic conductivity than that of pure CA
(1.285 × 10−7 S cm−1). The observed maximum conductivity value
in the present study was higher than the value (1.41 × 10−5 S cm−1)
reported by Harun et al. for CA-NH4BF4-PEG at room tempera-
ture (Harun et al., 2012). The increase in conductivity is due to
the changes in mobility and carrier concentration. Further, the
enhancement in ionic conductivity is attributed to the increase
in the concentration of amorphous phase upon the disruption of
bonding between the oxygen (O) and acetate (Ac) atom in −OAc
functional group in CA. This allows greater availability of vacant
oxygen to assist the proton ions (H+) mobility by forming tempo-
rary ionic interaction. This interaction aids the continuous hopping
of H+ ions from one vacant site to another and thus enhances
the ionic conductivity (Uma, Mahalingam, & Stimming, 2003). As
observed from Fig. 1A, it has been worth mentioning that above
50 wt% NH4NO3 loading, the ionic conductivity decreases. The ionic
conductivity value for BPE 40CA:60NH4NO3 has been found to be
7.64 × 10−4. This might be due to decrease in mobility, which could
probably be the net effect of the interplay of increasing disorder
and viscosity on account of large amount of salt, which has been
supported by the literature (Samsudin et al., 2014).

3.2. Temperature dependant conductivity

The temperature-dependant study has been used to analyze the
possible mechanism of ionic conduction in BPE system, which fol-
lows a linear trend of Arrhenius behavior governed by,

� = �0exp
(
−Ea/KT

)

where �, �0, Ea, K and T are the ionic conductivity, pre-exponential
factor, activation energy, Boltzmann constant and absolute tem-
perature respectively. Fig. 1B reveals Arrhenius plot for various
concentrations of NH4NO3 in the BPEs from room temperature to
70 ◦C. As the temperature increases, the polymer can expand easily
and produce free volume. Thus, ions, solvated molecules or polymer
segments can move into the free volume. This can be interpreted
by “hopping mechanism” between co-ordination sites in which,
hopping being assist ion transport and compensate the retarding

effect of the ion clouds (Rajendran, Mahendran, & Kannan, 2002).
The values of conduction and activation energy as a function of
NH4NO3 concentration were listed in Table 1, which shows that
the activation energy gradually decreases with increase in NH4NO3
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Table  1
Ionic conductivity and activation energy values of CA:NH4NO3 BPEs for different temperature.

Polymer composition
(mol%)

�303k �313k �323k �333k �343k Activation energy
Ea (eV) at room
temperature

Regression value

Pure CA 1.29 × 10−7 8.42 × 10−6 2.68 × 10−5 2.47 × 10−5 7.86 × 10−5 1.2 0.90
90CA:10NH4NO3 1.08 × 10−6 2.34 × 10−6 4.79 × 10−6 8.89 × 10−6 1.24 × 10−5 0.56 0.98
80CA:20NH4 NO3 3.41 × 10−5 5.42 × 10−5 8.42 × 10−5 1.15 × 10−4 1.28 × 10−4 0.46 0.95
70CA:30NH4 NO3 1.53 × 10−4 1.78 × 10−4 3.26 × 10−4 −4 −4

60CA:40NH4 NO3 2.08 × 10−4 2.51 × 10−4 3.00 × 10−4

50CA:50NH4 NO3 1.02 × 10−3 1.10 × 10−3 1.16 × 10−3
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ig. 2. (A) DSC thermo grams of (a) PURE CA and (b) 60CA:40NH4NO3 BPEs. (B) DSC
hermo grams of (c) 50CA:50NH4NO3 and (d) 40CA:60NH4NO3 BPEs.

oncentration. The result indicates that not only the number of car-
iers increases by increasing the NH4NO3 concentration, but also
he energy barriers are decreased (Kopitzke, Linkous, Anderson, &
elson, 2000).

.3. Differential scanning calorimetry (DSC)

The thermal behavior of BPEs has been studied by differential
canning calorimetry technique. From DSC it has been possible to
xamine the effect of NH4NO3 on the thermal transition of CA.
ig. 2A and B shows the DSC thermogram of CA:NH4NO3 complexes.

The glass transition temperature (Tg) of BPEs is increased from
hat of pure CA with increasing NH4NO3 ratio upto 40 mol%, which
as in agreement with those of Ramesh, Liew, Morris, and Durairaj

◦
2010). From Fig. 2A, the Tg of pure CA has been found to be 72.4 C,
he Tg of 60CA:40NH4NO3 has been observed as 76.9 ◦C, which
ncreased further with increase of NH4NO3. Fig. 2B shows that the
g of 50CA:50NH4NO3 has been obtained as 111.6 ◦C, and the Tg of
6.82 × 10 5.86 × 10 0.30 0.94
4.21 × 10−4 1.05 × 10−3 0.24 0.90
1.23 × 10−3 1.34 × 10−3 0.05 0.98

40CA:60NH4NO3 has been found to be 113.6 ◦C. According to Fig. 2A
and B it is concluded the elevation of Tg is due to the H+ ions pre-
ferring to interact with electron-rich co-ordinating groups, arises
from the transient cross-linking bond between H+ ions and the O
atoms in the polymer chains. These cross linkage bonds impede
the rotation of polymer segments, leading to stiffening of the poly-
mer  chains and hence increase the energy barrier to the segmental
movement. Finally, this H+ and O atoms binding reduces the flex-
ibility of polymer backbone (Li, Yuan, & Yang, 2006; Ramesh and
Arof, 2001).

3.4. X-ray diffraction (XRD) analysis

XRD is a versatile tool to monitor the changes in structural prop-
erties of both crystalline and amorphous region of BPEs system.
Fig. 3A depicts the XRD patterns of pure CA and CA doped with dif-
ferent concentrations of NH4NO3. A well known crystalline peaks
at 2� = 9◦, 18◦ and 27◦ have been reported for pure CA film (Ramesh
et al., 2013). In order to investigate the influence of salt concentra-
tion NH4NO3 to pure CA, relative intensity of peak between 9◦ and
27◦ has to be evaluated. It is found that relative intensity of peaks
decrease with increases in salt content and it seems to be almost
flat for 50CA:50NH4NO3 [Fig. 3A(c)]. All these information clearly
depict that doping salt enhances the amorphous nature in the BPEs
system. It has been also noted that NH4NO3 doped CA [Fig. 3A(b),
A(c) and A(d)] has been free from peaks related to NH4NO3, which
implies the complete disassociation of NH4NO3 salt in CA matrix.
This result can be interpreted by Hodge et al. criterion, which estab-
lishes a correlation between the intensity of the peak and the degree
of crystallinity (Hodge, Edward, & Simon, 1996).

Increase in the amorphous region causes increase in the number
of transit sites which improves ionic transport and induces greater
ionic conductivity (Hongting, Luo, & Yang, 2007). When more than
40 mol% salt (NH4NO3) has been added, the salt gets recrystallize
which in turn expected to increase the crystallinity of the BPE as
shown in Fig. 3A(d). This leads to decrease the mobile ion and to
decrease the conductivity (Samsudin et al., 2012).

3.5. Fourier transform infrared (FTIR) spectroscopy analysis

FTIR analysis has been performed to obtain the structural, com-
positional and bonding nature of the BPEs system. In FTIR analysis,
the occurrence of complexation and interaction between proton
ions and oxygen atoms can be deduced in terms of wavenumber
shifting, shape, and relative intensity of the IR peaks. In this present
investigation FTIR spectral analysis has been performed by both
experimentally and theoretically to identify the functional group
present in pure CA and CA:NH4NO3 complex. Previously Ahmad &
Isa reported the FTIR analysis by both experimentally and theoret-
ically for BPEs system (Ahmad & Isa, 2016).
The calculated and observed FTIR vibrational frequencies and
corresponding assignments of pure CA and CA:NH4NO3 complex
has been summarized in Table 2 (Ramesh et al., 2012, 2013) and the
FTIR spectrum has been depicted in Fig. 3B. The optimized molec-
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Fig. 3. (A) XRD patterns of (a) pure CA, (b) 60CA:40NH4NO3, (c) 50CA:50NH4NO3 and (d) 40CA:60NH4NO3 BPEs. (B) FTIR spectra of (a) Pure CA theoretical, (b) Pure CA
Experimental. (c) 60CA:40NH4NO3, (d) 50CA:50NH4NO3, (e) 40CA:60NH4NO3 and (f) CA:NH4NO3 complex theoretical. (C) (a) The optimized molecular structure of pure CA.
(b)  The optimized molecular structure of CA:NH4NO3 complex. (c) Possible interactions between the polymer CA and the dopant NH4NO3 BPE. (D)  SEM photographs of (a)
pure  CA, (b) 50CA:50NH4NO3.

Table 2
FTIR assignments of the calculated and observed vibrational frequencies of CA:NH4NO3 BPEs.

Pure CA
Experimental (cm−1)

Pure CA Theoretical
(cm−1)

60CA:40NH4NO3

(cm−1)
50CA:50NH4NO3

(cm−1)
40CA:60NH4NO3

(cm−1)
CA:NH4NO3 complex
Theoretical (cm−1)

Assignments

908 885 900 903 903 970 CH2 rocking
1030  1051 1028 1036 1043 1098 C O C stretching of pyrose ring
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1219  1265 1221 1221 

1371  1403 1374 1369 

1736  1734 1736 1739 

lar structure of CA and CA:NH4NO3 complex has been shown in
ig. 3C(a) and C(b) respectively.

From Fig. 3B, the peak observed at 1736 cm−1 has been assigned
o C O stretching vibration of CA (Muddassir, Muhammad, Tahir,

 Muhammad, 2011). The absorption peak at 1371 cm−1 has been
ttributed to C H bending of pure CA. The C O stretching has been
bserved at 1219 cm−1 for pure CA. The peak observed at 1030 cm−1

or pure CA has been assigned to C O C stretching of pyrose ring.
he medium intensity peak observed at 908 cm−1 corresponds to

 H vibrational mode of pure CA. The calculated C O stretching,
H2 bending, C O stretching, C O C stretching and CH2 rock-

ng vibrations of the pure CA have been obtained at 1734, 1403,
265, 1051 and 885 cm−1 respectively, which agree well with the
bserved values and supported by literature (Ramesh et al., 2012,
013). The observed FTIR peaks position and intensity (1736, 1371,
219, 1030 and 908 cm−1) have been shifted due to the addition of
0, 50 and 60 mol% of NH4NO3 with CA. Theoretically, the calcu-

ated vibrational frequencies for pure CA have been shifted due to
he addition of NH4NO3, which indicates that the NH4NO3 group
ffects the vibrational mode of pure CA and confirms the complex

ormation between CA and NH4NO3.

Based on previous work (Ahmad & Isa, 2016), it is concluded that
he mobile ionic carriers in CA-NH4NO3 is one of the loosely bound
1223 1245 C O stretching
1373 1373 CH2 in plane bending
1741 1794 C O symmetric stretching

proton of NH4
+ ion. Sikkinthar et al. proved that H+ is the ion serves

as a conducting species in polyacrylonitrile (PAN)-ammonium bro-
mide (NH4Br) sample and the proton conduction for polymer
electrolyte film occurs by lone pair migration mechanism or vehic-
ular mechanism (Sikkanthar et al., 2015). The interactions between
CA-NH4NO3 complexes occurred by one of the four hydrogen atoms
in NH4

+ ions, which can be easily dissociated under the influence
of electric field (Hema, Selvasekerapandian, & Hirankumar, 2007).
Refer to Fig. 3B, the band assignment at 1371 and 908 cm−1 have
been affected due to the addition of NH4NO3 (Majid & Arof, 2008;
Rajeswari, Selvasekarapandian, Sanjeeviraja, Kawamura, & Asath
Bahadur, 2014). Since NO3

− ion is a nucleoplile of negative ion,
which seeks electron deficient atom and it makes an interaction
with the carbonyl carbon of the polymer chain. Similarly, NH4

+

cation is an electrophile of positive ion interacts with oxygen atom
of C O group present in pure CA and form intermolecular hydro-
gen bond, which leads to the wavenumber shift in C O stretching
vibration, which also confirmed and validated by the calculated
vibrational frequency values. The possible co-ordination interac-
tion between C O in CA with H+ of NH NO has been shown in
4 3
Fig. 3C(c). The FTIR analysis supports the argument that there is a
certain amount of electrons withdrawn from (C O)  carbonyl group
to form strong hydrogen bonding between CA and NH4NO3. Thus,
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Fig. 4. Polarization current vs time plot for 50CA:50NH4

TIR analysis proves the complexation between polymer CA and
alt NH4NO3 BPE system.

.6. SEM analysis

The changes in structural morphology of BPE CA:NH4NO3 has
een determined from the scanned electron micrographs (SEM).
ig. 3D shows the SEM analysis of the surface of pure CA and
0CA:50NH4NO3. For pure CA sample Fig. 3D(a), it has been clear
hat it has uniform surface morphology rather than smooth surface,
hich indicates that there is no porous formation in the membrane

urface.
By adding 50 wt% of salt NH4NO3 to pure CA sample, the sur-

ace of the film appears to be rough Fig. 3D(b). As seen from
ig. 3D(b), the pores with different size are formed. Porous size is
n the range of ∼80–250 nm.  The photograph of 50CA:50NH4NO3
omplex with maximum number of pores give rise to high ionic
onductivity (Ulaganathan & Rajendarn, 2010). Furthermore, these
haracteristic lead to a transport mechanism, which have the effec-
ive high conductivity and concludes that this type of structure
an also improve H+ transport between the BPE membrane and
lectrode (Haung & Wunder, 2001). This has been correlated with
onic conductivity data. Finally, the SEM photographs confirm the
nteraction and complexation between the CA and NH4NO3.

.7. Transference number measurement (TNM)

The transference number measurement (TNM) confirms the
ature of particular charge species, whether ions or electrons
resent in the BPEs system. The measurement of transference
umber for CA:NH4NO3 electrolyte system has been done using
agner’s polarization technique. The results of DC polarization
easurement for 50CA:50NH4NO3 as a function of time at ambient

emperature with fixed DC voltage (1.5 V) has been shown in Fig. 4.
he transference number was calculated from the polarization cur-
ent versus time plot using the equation (Wagner & Wagner, 1957).
ion = (Ii − If )/Ii

elec = If/Ii
PE and Proton transport properties of CA:NH4NO3 BPEs.

where Ii is the initial current and If is the final residual current. It
has been inferred from Fig. 4 the depletion of the charge carriers
or ionic species in the electrolyte become constant and causes the
initial total current decreases with time. The decreases in the polar-
ization current can be attributed to the migration of ions, which is
due to the applied field and balanced by diffusion due to concentra-
tion gradient (Muthuvinayagam & Gopinathan, 2015). At a steady
state, the cell is polarized and current flows because of the elec-
tron migration between the electrolytes and interfaces. Based on
Fig. 4, the ionic transference number of the film has been found
to be ∼0.97. The diffusion coefficients of cations and anions of
60CA:40NH4NO3, 50CA:50NH4NO3 and 40CA:60NH4NO3 were cal-
culated using the following equations (Selvasekarapandian, Hema,
Kawamura, Kamishima, & Baskaran, 2010), which were given in
Fig. 4.

D = D+ + D− = KT�
ne2

t+ = D+
D+ − D−

The ionic mobility of cations and anions of all the samples are
calculated using the following equations.

� = �++�− = �
ne

t+ = �+
�+ + �−

where e is the charge of the electron, k Boltzmann constant, T
absolute temperature, n is the number of charge carriers stochio-
metrically related to the salt composition, �+ and �− is the ionic
mobility of cation and anion respectively and D+ and D− is the dif-
fusion coefficients of cation and anion respectively. From Fig. 4, it
has been observed that the values of �+ is higher than �− and also

the values of D+ is higher than D− for all BPEs, which indicates that
the sample is more cationic (+) than anionic (−) conductor. High-
est cationic mobility 9.54 × 10−7 cm2 V−1 s−1 has been observed for
50CA:50NH4NO3.
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ig. 5. (a) Schematic diagram of battery configuration. (b) Open circuit voltage as 

0CA:50NH4NO3 BPE. (d) Linear sweep voltammetry for 50CA:50NH4NO3 BPE.

.8. Fabrication and characterization of proton battery

The highest ionic conductivity with the configuration of
n + ZnSO4·7H2O/50CA:50NH4NO3/PbO2ZnSO4·7H2O/50CA:50NH4
O3/PbO2 + V2O5 was used to fabricate the proton battery. For the
attery anode, Zn (Merck Co.) and ZnSO4·7H2O (Merck Co.) were
ixed together and pressed with of 5 ton pressure to form pellet.

he same procedure has been done for the cathode comprises of
bO2 (Loba chemie), V2O5 (Loba chemie) and CA:NH4NO3 BPE
olution. Graphite was added during the preparation of cathode
nd anode to introduce the electronic conductivity. The highest
onducting CA:NH4NO3 BPE was sandwiched between anode and
athode in Teflon battery. The schematic diagram of fabricated
attery was shown in Fig. 5(a).

The anode and cathode reactions are given below.
Anode reaction

nZn + ZnSO4·7H2O � Znn+1(SO4)·(7 − 2n)H2O·2n(OH) + 2nH+

+ 2ne−

Cathode reaction

bO2 + 4H++2e− � Pb2+ + 2H2O

2O5 + 6H+ + 2e− � 2VO2+ + 3H2O

Fig. 5(b) shows the open circuit voltage (OCV) of the cell as a

unction of time at room temperature. The OCV characteristic of the
ell at room temperature shows the initial voltage of 1.5 V, drop-
ing to ∼1.39 V in the first 11 h of assembly. The cell voltage has
een observed to have stabilized and the OCV remained constant
tion of time for 50CA:50NH4NO3 BPE. (c) Discharge curves of cell using 1 M� for

at 1.39 V for a period of 8 h. The intermediate drop in the voltage
of the cell after fabrication has been due to the cell formation reac-
tion at the electrodes. Similar OCV was  reported by Johari et al., for
CA based gel polymer electrolyte (Johari, Kudin, Ali, Winie et al.,
2009). A dense cellulose based gel polymer electrolyte has been
first demonstrated by Li et al., while the use of gel polymer elec-
trolyte shows good electrochemical performance that leads to a low
cost, renewable and environment friendly electrolyte for lithium
ion batteries (Li et al., 2015).

Fig. 5(c) depicts the discharge characteristic of fabricated proton
battery for 50CA:50NH4NO3 at room temperature, by connect-
ing it to an external load 1 M�.  In BPE system, the initial sharp
decrease in voltage of this cell may  be due to the activation polar-
ization. The activation polarization occurred because the rate of
an electrochemical reaction at an electrode surface is controlled
by sluggish electrode kinetics (Broadhead & Kuo, 2001). While dis-
charging through 1 M� load, the cell voltage has been remained
constant at 1.4 V for 350 h. The region in which the cell potential
reaches flat discharge rate is called “Plateau region”. The impor-
tant cell parameters of highest conducting BPE 50CA:50NH4NO3
are given below:

Cellarea—0.895 cm2, Cellweight—1.284 g, Celldiameter—1 cm,

Thickness—0.28 cm

3.9. LSV study
Electrochemical stability window is essential to use the
polymer electrolyte in device. The electrochemical stability of
50CA:50NH4NO3 has been examined by linear sweep voltamme-
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ig. 6. A(a) Components of single PEM fuel cell. (b) Single PEM fuel cell assembly. 

afion  117 (b) BPE 50CA:50NH4NO3.

ry (LSV) of the cell with two electrode system. Reference and
ounter electrode are connected together, which acts as one elec-
rode and other as working electrode. So applied voltage has been
lotted on the x-axis and the resulting current on the y-axis. The
ample has been placed between two stainless steel blocking elec-
rodes using 1 mV  s−1 scan rate from 0 to 5 V. Fig. 5(d) shows
he linear sweep voltammetry curve for 50CA:50NH4NO3 at room
emperature. The anodic decomposition limit of the polymer elec-
rolyte is considered as the voltage at which the current flows
hrough the cells (Tiankhoon, Ataollahi, Hassan, & Ahmad, 2015). As
een from the plot of current versus voltage the electrolyte shows
he electrochemical stability window of 4.3 V. Hence, this BPE is
ompatible for application in proton battery and electrochemical
evices. Abidin et al. also reported approximately the same value
f 4.7 V electrochemical stability for �-butyrolactone (GBL)-0.8 M

ithium bis(oxalate) borate (LiBOB)-2 wt% CA (Abidin et al., 2013).

.10. Construction of single PEM fuel cell
The cell consists of bipolar graphite plates with parallel flow
hannel size of 7.84 cm2 and mounted on the two  base plates,
hich is made up of acrylic. A silicon gasket is placed between the

wo graphite plates. The positive electrode (cathode) and negative
tput voltage of single PEM fuel cell. (B) Power performance curve for (a) Standard

electrode (anode) made up of carbon cloth of area ∼8.41 cm2 are
coated with Pt at a uniform rate of 0.15 mg/cm. The Pt coated car-
bon cloth (electrodes) which act as catalyst layer are kept on the
either side of flow channel. The highest proton conducting mem-
brane 50CA:50NH4NO3/Nafion 117 is sandwiched between the two
electrodes. The single PEM fuel cell has been assembled with the
above mentioned configuration and is shown in Fig. 6A(a) and A(b).
Using a small electrolyzer operated by a voltage of 3 V is used to
produce hydrogen and oxygen gas separately. The hydrogen gas
with flow rate of 10 ml/min and oxygen gas at a rate of 8 ml/min
are passed through the single fuel cell. The anode and the cathode
reaction for a PEM fuel cell are given in below equations:

Anode Reaction : 2H2 → 4H+ + 4e−

Cathode Reaction : O2 + 4H+ + 4e− → 2H2O

Overall Cell Reaction : 2H2 + O2 → 2H2O
Standard Nafion 117 membrane is placed in constructed fuel cell
and a voltage of 900 mV  is obtained. Afterwards highest conducting
polymer membrane 50CA:50NH4NO3 is placed in fuel cell kit and
a voltage 656 mV is observed and it is shown in Fig. 6A(c).
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A comparison of the PEM fuel cell performance have been
ecorded using same type of anode and cathode with different flow
ate of 400 ml/min for hydrogen gas and 100 ml/min for oxygen
as. The depicted polarization curve for 50CA:50NH4NO3 and stan-
ard Nafion 117 at 60 ◦C is shown in Fig. 6B. The single PEM fuel
ell performance for standard Nafion 117 displays a current den-
ity of 1901 mA/cm2 at a potential of 60 mV.  The power density is
bserved to be 414 mW/cm2. Under the same operating conditions,
he PEM fuel cell test for 50CA:50NH4NO3 displays a current density
f 72 mA/cm2 at a potential of 70 mV,  with an accompanying power
ensity of 12 mW/cm2. The data suggest that the power density of
ur BPE is lower than Nafion based one. Further, the power perfor-
ance of our BPE can be enhanced by optimizing the parameters

n membrane electrode assembly (MEA) fabrication.

. Conclusion

The discovery of new BPEs based on CA doped with various con-
entrations (0–60 wt%) of NH4NO3 have been prepared by solution
asting technique. A superior ionic conductivity 1.024 × 10−3 has
een achieved for the sample 50CA:50NH4NO3 at room temper-
ture. The enhancement in mobility of proton ions and flexible
tructure are responsible for the improvement of ionic conduc-
ivity. The rate of increase of ionic conductivity with temperature
xhibits Arrhenius behavior where the samples conductivity exclu-
ively affected by temperature and composition of NH4NO3. The
hermal profile shows the marked increase in Tg, which is an
ndication of interaction between H+ ion and carboxyl group of
PEs. Structural and complexation of the BPEs has been ascer-
ained by XRD and FTIR analyses. XRD analysis displays a structural
isorderliness of reduced intensity, which concludes the BPE are
redominantly amorphous in nature. FTIR and Gaussian results
rovide an insight into possible co-ordination of interactions
etween CA and NH4NO3. The charge transport in these BPEs has
een examined using Wagner’s polarization technique and the
ominant conducting species are found to be ions rather than elec-
rons. Thus, the optimized BPE 50CA:50NH4NO3 with high ionic
onductivity has been applied for primary proton battery and PEM
uel cell application, in which their main parameters and out-
ut voltage were reported. In spite of extensive research efforts
orldwide, power performance of our new polymer membrane

0CA:50NH4NO3 has to be optimized and it could satisfacto-
ily replace Nafion. All these result suggest and believe that BPE
A:NH4NO3 may  offer attractive membrane for electrochemical
evices such as proton batteries and fuel cell because of its high
erformance, eco-friendly, economically cheap and naturally abun-
ant.
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