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Abstract In this present work, the solution casting tech-

nique was utilized to develop the proton conducting solid

biopolymer electrolyte by the complex formation of cel-

lulose acetate (CA) with the ammonium thiocyanate

(NH4SCN) salt. The crystalline nature and complex for-

mation of CA with different concentrations of NH4SCN

were investigated using X-ray diffraction (XRD) and

Fourier transform infrared (FTIR) spectroscopic tech-

niques. The XRD analysis revealed that the amorphous

natures of the CA complex were increased with increase of

NH4SCN salt concentration, which leads to the higher ionic

conductivity. The FTIR analysis confirmed the complex

formation between CA and salt matrix. Differential scan-

ning calorimetry (DSC) was used to predict the glass

transition temperature (Tg) values, which reveals that the

Tg value increase with respect to the increase of NH4SCN

concentration. The electrical conductivity was measured

using AC impedance analyzer, which showed that the

magnitude of ionic conductivity increases with an increase

in salt concentration up to 50CA:50NH4SCN. The

50CA:50NH4SCN has maximum ionic conductivity value

of 3.31 9 10-3 S cm-1. Transference number measure-

ment was carried out to investigate the nature of the charge

transport species in the polymer electrolyte. The proton

battery was constructed with the highest conducting

polymer electrolyte 50CA:50NH4SCN and its open circuit

voltage with load were studied. Hence, the present inves-

tigation paves the way for the development of fuel cell and

primary proton battery applications.

1 Introduction

In green economy, the demands for biopower enhance the

technological interest in the field of solid polymer electrolyte

(SPE). In recent years, this highly specialized field encom-

passes to play a vital role in designing energy based devices,

replacing liquid electrolyte in fuel cells, electrochemical

sensors, batteries and electro chromic devices [1, 2]. The

SPE provides good contact surface with electrodes, good

shelf life, less problem with leakage or pressure distortion

and also the SPE is easy to prepare and very affordable [3, 4].

However, the synthetic polymer in SPE faces disadvantage

and not being environmentally green. Hence, it is imperative

to develop the biopolymer electrolytes by using natural

polymer, which has gained more and more attention, owing

to their abundant in nature, low cost, friendliness to the

environment and potential as substitute for some petro-

chemicals [5]. In thisway, an ideal solid biopolymer (SBP) in

the polymer electrolyte system contributes to free pollution

and it has directly brought forward green nation, which

fosters the interest in research to address the environmental

crises. Chitosan, starch, pectin, methyl cellulose and cellu-

lose acetate are natural polymers, which have been proposed

by researchers to develop SBP electrolytes [3, 6, 7]. Among

these natural polymers, cellulose acetate (CA) is an impor-

tant natural polymer, which is the acetate ester of cellulose

and very attractive for its abundance in nature, low cost, film

forming nature and easy disposal [8]. The CA has polar

groups that possess lone pair electrons, which facilitates the
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ionic conduction. However, the high glass transition tem-

perature, rigidity or high crystalline nature ofCAhindered its

applications [9, 10], which can be overcome by adding

inorganic salts to theCA. The gel polymer electrolyteCAhas

been used as a separator for various kinds of batteries, such as

lead acid batteries and silver-zinc rechargeable batteries.

Johari et al. [11, 12] studied the composite of CA based gel

polymer electrolyte for proton batteries and reported the ionic

conductivity, which was found to be (10-2 S cm-1) and

compared to solid polymer electrolyte. Although, it’s poor

mechanical property, high evaporation and easy leakage

stalled its electrochemical application [13]. Abidin et al. [14]

carried out an electrochemical studies on CA-Lithium

bis(oxalato)borate (LiBOB) gel polymer electrolyte. The

biodegradable polymer CA doped lithium perchlorate

(LiClO4) has been studied for supercapacitors by Selvakumar

et al. [15]. Performance of CA membrane with lithium salts

especially for lithium polymer cells have been studied by

Ramesh et al. [9, 10]. However, until today not much effort

has been taken by researchers to develop CA as a solid

membranewith proton salts. Ammonium salts are considered

to be a good proton donor [16, 17]. The protonic transport in

this polymer membrane generally involves motion of H? ion

i.e., in addition to motion of proton ion the conductivity has

also been associated with the segmental motion of the poly-

mer chain [18]. Hashmi et al. [19] reported that the charge

carriers in the poly(ethylene oxide) (PEO)-ammonium per-

chlorate (NH4ClO4) are H? ion and the conduction occur

through the exchange of ions between complexed sites.

Preparation of biopolymer based chitosan with ammonium

thiocyanate (NH4SCN) has attractedmany researchers for the

development of high conducting biopolymer electrolyte [20,

21].

The present work aims to develop a novel proton con-

ducting bio polymer electrolyte with CA as a host polymer

while ammonium thiocyanate (NH4SCN) were chosen as

the ionic dopant. The prepared SBP electrolytes were

characterized by Fourier transform infrared (FTIR), X-ray

diffraction (XRD), electrical impedance spectroscopy

(EIS) and transference number measurement (TNM).

Moreover using these complex polymer electrolyte

CA:NH4SCN with high ionic conductivity, proton battery

was constructed and its discharge characteristics were

evaluated. Finally, the developed SBP electrolyte meets the

goals of green environment and provides greater opportu-

nity for future fuel cells and proton batteries.

2 Experimental

In the present study, polymer CA (Sigma Aldrich, product

code 1001345520), and salt NH4SCN were used as the raw

materials. Dimethyl formamide was used as a solvent. The

polymer complex CA:NH4SCN with different molecular

weight percentages of 90:10, 80:20, 70:30, 60:40, 50:50

and 40:60 were stirred continuously for several hours until

a homogenous mixture was obtained. The obtained solu-

tions were poured into petri dishes and dried in oven at

60 �C to ensure removal of the solvent traces. After drying

the transparent, flexible films of thickness ranging from

0.22 to 0.16 lm were obtained. XRD patterns were

recorded at room temperature with X’ pert pro diffrac-

tometer system using the Cu-ka radiation in the range of

2h = 10�–60�. FTIR spectroscopy studies were carried out

using BRUCKER spectrophotometer in the range

2300–600 cm-1. DSC measurements were recorded using

DSC Q20 V24.10 Build 122, TA instruments. Conductivity

studies of polymer electrolytes were measured using

HIOKI 3532 LCR meter in the frequency range from 42 to

1 MHz by sandwiching them using aluminum as the

blocking electrodes.

3 Results and discussion

3.1 X-ray diffraction analysis

XRD measurements were performed for polymer elec-

trolytes CA with different NH4SCN concentrations to infer

the degree of amorphocity at room temperature. Figure 1a–

g shows the XRD patterns of pure CA and six CA doped

with different concentrations of NH4SCN. The XRD pat-

terns indicate that the solid polymeric films were composed

of a combination of crystalline and amorphous phases,

Fig. 1 XRD pattern for a pure CA, b 90CA:10NH4SCN,

c 80CA:20NH4SCN, d 70 CA:30 NH4SCN, e 60CA:40NH4SCN,

f 50CA:50NH4SCN and g 40CA:60NH4SCN
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which make the polymeric films to be in semicrystalline

nature. The Fig. 1a indicates that the undoped polymer CA

shows crystalline peaks at 2h = 9�, 13�, 18�, 23� and 27�,
which correlates with the literature [9, 10]. The XRD

patterns also indicates that the broadness of peak increases

and its relative intensity decreases with increase of NH4-

SCN concentration, which reveals that as ion concentration

in the electrolyte increases, both the fraction of amorphous

phase and charge carriers increases simultaneously [22].

From Fig. 1f, it was noted that 50CA:50NH4SCN has

maximum amorphous nature. The increase in the amor-

phous nature causes a reduction in the energy barrier to the

segmental motion of the polymer electrolyte resulting in

high ionic conductivity [23]. This was interpreted in terms

of Hodge et al. [24] criterion, which establishes a corre-

lation between the intensity of the peak and the degree of

crystallinity. On further addition of NH4SCN concentra-

tion, the intensity of peaks increases for 40CA:60NH4SCN,

which indicates the increase in crystallinity. This is

because the polymer host was unable to accommodate the

salt, which leads to the recombination of the ions [25]. The

XRD patterns confirm the absence of peaks corresponding

to pure NH4SCN in the polymer electrolyte, which indicate

the complete dissociation of the salt in polymer matrix.

3.2 FTIR analysis

In the present investigation, the FTIR spectroscopy was

used to probe the complex formation and interactions

between the polymer CA and salt NH4SCN by means of

change in the vibrational modes of polymer electrolyte

under investigation. Figure 2 shows the FTIR spectra of

pure CA and five CA doped with different concentrations

of NH4SCN and the corresponding vibrational frequencies

were assigned and listed in Table 1.

The peak observed at 1736 cm-1 was assigned to C=O

symmetric stretching in the aldehyde carbonyl group of CA

[26]. The broad peak observed at 1436 cm-1 of pure CA

was assigned to CH3 bending. The absorption peak at

1371 cm-1 was attributed to CH bending of pure CA. The

C–O stretching was observed at 1219 cm-1 for pure CA.

The peak observed at 1030 cm-1 for pure CA was assigned

to C–O–C Stretching of pyrose ring. The medium intensity

peak observed at 901 cm-1 corresponding to pure CA was

assigned to CH2 rocking of vibrational mode. The observed

peaks position and the intensity in FTIR (1736, 1436, 1371,

1219, 1030 and 901 cm-1) were shifted due to the addition

of 10, 20, 30, 40, 50 mol% of NH4SCN with CA. The peak

observed at 2055 cm-1 assigned to C:N stretching, which

was absent in pure CA. The intensity of peak observed at

2055 cm-1 was increased on addition of 10–50 mol%

NH4SCN with CA and it become sharp [27]. According to

the literature, the observed peak at 2055 cm-1 is consistent

with the assignment of spectroscopically free SCN- anion

[28]. The formation of nitrogen or sulfur bonding give rise

to spectral changes since the C:N stretching mode in

SCN- are sensitive to such interactions [29]. The observed

shift in peaks position and intensity reveals the complex-

ation was occurred between polymer CA and salt NH4SCN.

The possible interaction between polymer CA and salt

NH4SCN was shown in Fig. 3. Generally, the proton con-

duction could occur either by the lone pair migration

mechanism [30, 31] or vehicular mechanism (proton car-

ried migration mechanism). In this case, lone proton

migration (H?) mechanism was more reasonable. In NH4-

SCN, the hydrogen bonding occurs with N–H bond in the

tetrahedral ion. The NH4
? pointing directly towards the

thiyocyanate ion (SCN-) and form N–H…SCN hydrogen

bond. In NH4 ion, three hydrogen atoms were bounded

strongly with nitrogen in which fourth hydrogen ion was

weakly bound to it. The weakly bound H? of NH4
? can

easily be dissociated under the influence of electric field

and H? ions hop through the coordinating site (C=O) of the

host polymer CA. Hence, the FTIR spectra confirm the

interaction between polymer CA and salt NH4SCN.

The shift in frequency of the C=O group in polymer CA

is correlated with force constant. The force constant values

can be calculated from the expression [32]

t ¼ 1

2pc

ffiffiffiffiffiffiffiffi

k=l
p

ð1Þ

where, m is the wavenumber (cm-1), c is the velocity of

light (3 9 1010 cm s-1), k is the force constant (Ncm-1)

and l = M1M2/(M1 ? M2). Here, l is the reduced mass

and M1, M2 are the atomic weight of two atoms

Fig. 2 FTIR spectrum for a pure CA, b 90CA:10NH4SCN,

c 80CA:20NH4SCN, d 70 CA:30 NH4SCN, e 60CA:40NH4SCN,

and f 50CA:50NH4SCN
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respectively. The force constant values were calculated for

pure CA and CA doped with different concentration of salt

NH4SCN. It was found that force constant value decreases

from 1215 to 1205 N cm-1 for C=O stretching. The

decrease in force constant is due to the interaction of H?

ion in salt (NH4SCN) and oxygen atom in polymer (CA),

which weakens the C=O bond by the removal of electron

density from it. Similar study was done for the polymer

electrolyte [33]. These results confirm the complexation of

polymer matrix.

3.3 Differential scanning calorimetry

DSC analysis was carried out to predict the glass transition

temperature (Tg) of polymer electrolyte. The change in Tg

of CA due to the addition of salt (NH4SCN) was shown in

Fig. 4a, b. The Tg of pure CA was obtained as 72.4 �C. The

Tg value was obtained as 81.5, 113.7 and 111.6 �C corre-

spond to the 60CA:40NH4SCN, 50CA:50NH4SCN and

40CA:60NH4SCN. The DSC curve (Fig. 4a, b) indicates

that the Tg value of CA increases corresponding to the

Table 1 FTIR assignments of all prepared polymer electrolytes

PURE CA

(cm-1)

90CA:10

NH4SCN (cm-1)

80CA:20

NH4SCN (cm-1)

70CA:30

NH4SCN (cm-1)

60CA:40

NH4SCN (cm-1)

50CA:

50NH4SCN

(cm-1)

Assignments

– – 2055 2049 2056 2053 C:N stretching

1736 1736 1736 1735 1733 1733 C=O symmetric

stretching

1436 1436 1432 1429 1432 1432 CH3 bending

1371 1372 1371 1373 1371 1370 C–H bending

1219 1222 1222 1221 1222 1225 C–O stretching

1030 1030 1030 1031 1033 1028 C–O–C stretching of

pyrose ring

901 908 905 901 905 908 CH2 rocking

Fig. 3 Possible interaction between the polymer CA and the dopant

NH4SCN

Fig. 4 a DSC thermo grams of PURE CA and 60CA:40NH4SCN.

b DSC thermo grams of 50CA:50NH4SCN and 40CA:60NH4SCN
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increase in the concentration of NH4SCN. In general, the

decrease in glass transition temperature increases the ionic

conductivity. In the present investigation, the observed

DSC results were contrary to this. This behavior has been

interpreted as a consequence of a reduction in segmental

motion caused by an increase in intermolecular and inter-

molecular coordinations between H? cations and the oxy-

gen atoms in the polymer chain [34]. The results are similar

to those obtained by other authors with poly(epichlorohy-

drin-coethylene oxide) [P(EH/EO)s] and a structurally

related polymer hosts [35, 36].

3.4 Electrochemical impedance spectroscopy

analysis

Impedance spectroscopy is a powerful diagnostic tool to

investigate the ionic conductivity of polymer electrolytes.

The ionic conductivity mainly depends on the conducting

species and their mobility. Figure 5 shows the Cole–Cole

plot (Z0 vs. Z00) for CA doped with different concentrations

of NH4SCN polymer electrolyte at room temperature

(303 K). Generally, the impedance plot consists of a dis-

torted semicircle in the high frequency region followed by

an inclined spike in the low frequency region. The high

frequency semicircle is due to the parallel combination of

bulk resistance (due to migration of ions) and bulk

capacitance (due to immobile polymer chain). The low

frequency spike represented by a constant phase element is

due to the formation of double layer capacitance at the

electrode–electrolyte interface [37].

In the present investigation, the CA:NH4SCN polymer

electrolytes have only inclined spike and the semicircle was

not observed, which indicates that the CA:NH4SCN polymer

electrolyte have resistive component only and the capacitive

nature of electrolyte were vanished, which is due to motion

of charge carrier in the polymer electrolyte exists. The

equivalent circuit was shown in Fig. 5. Electrochemical

impedance spectroscopy (EIS) parameters were obtained

from Cole to Cole plot by using EQ software program

developed by Boukmap [38, 39], which were listed in

Table 2. In Table 2, the resistance value of pure CA was

obtained as 61.2 9 103 X, whereas for 10–50 mol% of

NH4SCN doped with CA polymer electrolyte the value of

resistance was decreased from 924 to 8.6 X. The constant

phase element (CPE) value for pure CA was obtained as

2.66 9 10-4 lF. The NH4SCN doped with CA polymer

electrolyte have CPE values in the range of 3.37–2.75 lF.
The highest conductivity polymer electrolyte

50CA:50NH4SCN has Rb = 8.6 X and CPE = 2.75 lF.
The ionic conductivity (r) of the polymer electrolytes is

calculated using the equation

r ¼ L

A� Rb

S cm�1 ð2Þ

where L is the thickness, Rb is the bulk resistance and A is

the contact area of the electrolyte film. The calculated ionic

conductivity for different concentrations of CA:NH4SCN

polymer electrolytes were listed in Table 3 for various

temperature. The Table 3 indicates that among the various

concentrations of CA:NH4SCN polymer electrolyte the

50CA:50NH4SCN polymer electrolyte has highest ionic

conductivity (3.31 9 10-3 S cm-1) at room temperature,

which also has greater conductivity than that of pure CA

(1.285 9 10-7 S cm-1). The higher ionic conductivity of

50CA:50NH4SCN may be arises due to the transition from

semicrystalline phase to an amorphous phase of polymer

complex and increase in charge carrier concentration [40].

The Table 3 also indicates that the ionic conductivity is

increases with respect to the increase in salt concentration.

The reason for the conductivity enhancement was the

polymer-salt interaction, especially the interaction of

NH4SCN with side chain of the polymer CA, but not much

with the backbone of the main chain, which has little effect

on the mobility of H? ions at ambient temperature [41].

Fig. 5 Cole-Cole plot for pure CA, 90CA:10NH4SCN,

80CA:20NH4SCN, 70 CA:30NH4SCN, 60CA:40NH4SCN,

50CA:50NH4SCN, and the equivalent circuit

Table 2 EIS parameters for all polymer electrolytes

Polymer composition (mol%) R, X CPE, lF

PURE CA 61.2 9 103 2.66 x 10-4

90 CA:10NH4SCN 924 3.37

80 CA:20NH4SCN 236.7 4.64

70 CA:30NH4SCN 30.94 9.34

60 CA:40NH4SCN 8.7 6.92

50 CA:50NH4SCN 8.6 2.75
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3.5 Conduction spectra analysis

In general, the conductance spectra can be divided into

three regions, which are low frequency dispersion region,

frequency independent plateau region and high frequency

region. The low frequency dispersion region represents the

space charge polarization at the blocking electrodes. The

frequency independent plateau region on the log r (y-axis)

gives dc conductivity (rdc) of polymer complex and the

high frequency region corresponds to the bulk relaxation

phenomenon, which is due to the coulombic interaction of

charge carrier and disorder within the structure [42].

The variation of frequency dependent ac conductivity

spectra for different concentration of NH4SCN doped with

CA was shown in Fig. 6. The rdc values for highest con-

ductivity sample (50CA:50NH4SCN) has been calculated by

extrapolating the plateau region to log r axis. The conduc-

tivity values obtained from the conduction spectra coincide

with the bulk conductivity values obtained fromCole to Cole

plot. The frequency dependent high frequency dispersion

region for polymer electrolytes at room temperature were

analyzed using Jonscher’s power law relation [43]

r xð Þ ¼ rdc þ Axa ð3Þ

where rdc is the dc conductivity, A and a are temperature

dependent parameters. By fitting experimental data into the

Jonscher’s equation the value of a has been evaluated. The a
values were calculated for the 80CA:20NH4SCN and

90CA:10NH4SCN polymer electrolyte from the high fre-

quency dispersion region. The calculated a values of 0.60

and 0.63 correspond to the 80CA:20NH4SCN and

90CA:10NH4SCN at room temperature. The 80CA:20NH4-

SCN and 90CA:10NH4SCN polymer electrolytes have less

than one a values, which indicate that the presence of free site
for the next hop and the backwardmotion is slower due to the

coulombic interaction between the ions [44].

3.6 Temperature dependent conductivity

The temperature dependent ionic conductivity nature for

the complex CA:NH4SCN polymer electrolyte was carried

out over the temperature range 303–343 K. Figure 7a

shows the conductivity plot drawn between log (r) and

1000/T, which indicates that the conductivity increases

with increasing temperature for all compositions. The

membrane does not release any heat. The linear variation

of ionic conductivity with inverse of absolute temperature

follows Arrhenius relation

r ¼ r0=Tð Þ exp �Ea=KTð Þ ð4Þ

where, r0 is the pre-exponential factor, Ea is the activation

energy and K is the Boltzmann constant. Activation energy

(Ea) values were calculated for all prepared polymer elec-

trolytes by the linear fitting of Arrhenius plots. Figure 7b,

relates the conductivity and activation energy values of all

composition of CA:NH4SCN polymer electrolyte, which

were listed in Table 3. The Table 3 indicates that the acti-

vation energy value of the polymer electrolyte decreases

with increase in NH4SCN concentration, which may due to

the increase of amorphous nature of the polymer electrolyte.

3.7 Dielectric spectra analysis

In the present investigation, the dielectric properties of

CA:NH4SCN polymer electrolytes were characterized by

Table 3 Ionic conductivity data and activation energy values for CA:NH4SCN polymer electrolyte for different temperature

Polymer

composition

(mol%)

r303 k r313 k r323 k r333 k r343 k Activation energy

Ea (ev) at room

temperature

Regression

value

90CA:10NH4SCN 8.42 9 10-6 2.47 9 10-5 2.68 9 10-5 7.86 9 10-5 1.72 9 10-4 0.633 0.911

80CA:20NH4SCN 3.17 9 10-5 1.52 9 10-5 2.87 9 10-5 6.38 9 10-5 1.81 9 10-4 0.622 0.930

70CA:30NH4SCN 1.6 9 10-4 2.3 9 10-4 3.05 9 10-4 4.76 9 10-4 7.3 9 10-4 0.337 0.982

60CA:40NH4SCN 2.45 9 10-3 2.82 9 10-3 4.99 9 10-3 6.86 9 10-3 7.34 9 10-3 0.275 0.923

50CA:50NH4SCN 3.31 9 10-3 5.16 9 10-3 6.22 9 10-3 7.16 9 10-3 8.01 9 10-3 0.145 0.990

Fig. 6 Conduction plot for pure CA, 90CA:10NH4SCN, 80CA:20

NH4SCN, 70 CA:30NH4SCN, 60CA:40NH4SCN, and 50CA:50NH4

SCN
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frequency dependent parameters, which bring about

important insights into the ionic transport phenomenon

[45]. The measured dielectric data describe the real and

imaginary parts of the complex permittivity (e*), which is

defined by the relation

e� ¼ e0 � ie00 ¼ e0 � iðr0=xe0Þ ð5Þ

where, e0 is the real part of the dielectric constant, e00 is the
imaginary part of the dielectric constant of the material, r0

is the real part of conductivity, x is the angular frequency

and e0 is the permittivity of free space. Figure 8a, b rep-

resent the frequency dependence of e0(x) and e00(x) at room
temperature. Figure 8a, b indicates that the values of both

e’ and e’’ sharply increases towards low frequencies for all

compositions of the polymer electrolyte, which is due to

the presence of space charge effect [46]. This type of

behavior is known as the non-Debye nature, where the

space charge region with respect to the frequency is

explained in terms of diffusion [47]. The increase in

dielectric constant denotes increase in the charge concen-

tration within the polymer electrolytes. A significant high

dielectric constant was obtained for the high conductivity

50CA:50NH4SCN polymer electrolyte. Figure 8a, b

describe that when the frequency increases, the value of e’

and e’’ decrease and reaches saturation, which is due to the

periodic reversal of the applied electric field takes place so

rapidly that the mobile ion will not be able to orient

themselves in the field direction resulting it to saturate or

decrease the dielectric constant [48].

Fig. 7 a Temperature dependence ionic conductivity of 90CA:

10NH4SCN, 80CA:20NH4SCN, 70 CA:30 NH4SCN, 60CA:40NH4

SCN, and 50CA:50NH4SCN. b Conductivity and activation energy of

90CA:10NH4SCN, 80CA:20NH4SCN, 70 CA:30 NH4SCN, 60CA:40

NH4SCN, and 50CA:50NH4SCN

Fig. 8 a Frequency dependence of e0(x) of 90CA:10NH4SCN,

80CA:20NH4SCN, 70 CA:30 NH4SCN, 60CA:40NH4SCN, and 50CA:

50NH4SCN. b Frequency dependence of e00 (x) of 90CA:10NH4SCN,

80CA:20NH4SCN, 70 CA:30 NH4SCN, 60CA:40NH4SCN, and 50CA:

50NH4SCN
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3.8 Modulus spectra analysis

In general, the ion transport process of ionic conductors is

studied in terms of electrical modulus spectrum. Figure 9a,

b represent the frequency dependence of M0(x) and M00(x)
at room temperature. Both M0 and M00 are observed to

increase in the high frequency end. At low frequencies, the

value of M0(x) and M00(x) decreases, which is due to the

electrode polarization phenomenon and makes a negligible

contribution. For all CA:NH4SCN complex the modulus

value gradually increases with increase of frequencies,

which is due to bulk effect. The plot that shows long tails at

low frequencies are due to their large capacitance values

associated with electrodes [49].

3.9 Transference number measurement

The ionic transference number is the most important

parameter to identify the specific type of charged species

(ions/electron) present in polymer electrolytes.

The transference numbers are calculated using the

equations [50]

tion ¼ Ii�Ifð Þ=Ii ð6Þ
telec ¼ If=Ii ð7Þ

where, Ii is the initial current and If is the final current.

To determine the total charge transport of the polymer

electrolyte film, cell with a configuration, stainless steel/

50CA:50NH4SCN/stainless steel was prepared and polar-

ized by applying a constant dc potential of 1.08 V. The

polarization current versus time for 50CA:50NH4SCN

polymer electrolyte film at 303 K was shown in Fig. 10.

Initially, the polarization current decreases with time,

which happens when the migration of ions due to the

applied field balanced by diffusion and hence leads to the

cell polarization [51].

The value of ionic transference (tion) number for the

highest conducting polymer electrolyte film 50CA:50NH4-

SCN was found to be *0.99. This suggests that the charge

transport in this polymer electrolyte was primarily due to

ions, which are close to unity and only a negligible contri-

bution comes from the electron. The diffusion coefficients of

cations and anions of 60CA:40NH4SCN, 50CA:50NH4SCN,

40CA:60NH4SCN were calculated using the following

equations [52], which were listed in Table 4.

D ¼ Dþ þ D� ¼ KTr
ne2

ð8Þ

tþ ¼ Dþ
Dþ � D�

ð9Þ

The ionic mobility of cations and anions of all the samples

is calculated using the following equations.

l ¼ lþ þ l� ¼ r
ne

ð10Þ

tþ ¼ lþ
lþ þ l�

ð11Þ

where, e is the charge of the electron, k Boltzmann con-

stant, T absolute temperature, n is the number of charge

carriers stochiometrically related to the salt composition,

l? and l- is the ionic mobility of cation and anion

respectively and D? and D- is the diffusion coefficients of

cation and anion respectively. The Table 4 indicates that

the cation mobility of l? has greater value than the ionic

mobility of anions l-. When l? decreases, the conduc-

tivity also decreases and vice versa. The same behavior

also can be detected for D?. Highest mobility

Fig. 9 a Frequency dependence of M0(x) of 90CA:10NH4SCN,

80CA:20NH4SCN, 70 CA:30 NH4SCN, 60CA:40NH4SCN, and

50CA:50NH4SCN. b Frequency dependence of M00(x) of

90CA:10NH4SCN, 80CA:20NH4SCN, 70 CA:30 NH4SCN,

60CA:40NH4SCN, and 50CA:50NH4SCN
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8.13 9 10-6 cm2 V-1 s-1 was observed for 50CA:50

NH4SCN.

3.10 Fabrication and characterization of primary

proton battery

Proton battery was constructed using the highest conduct-

ing sample 50CA: 50NH4SCN. Anode was prepared using

Zn (metal powder), ZnSO4.7H2O and graphite powder in

the desired proportions (3:1:1) and made to form thin

pellet. Similarly the cathode material was prepared using

PbO2, V2O5, graphite and polymer electrolyte in the

desired ratio of (8:2:1:0.5) and finally made into a thin

pellet. The polymer electrolyte was sandwiched between

anode and cathode pellets. The battery configuration was

shown in Fig. 11. The open circuit voltage (OCV) of the

cell was allowed to stabilize for certain duration to attain a

constant voltage. The stabilized voltage of 1.3 V was

monitored with respect to time and presented in Fig. 12a.

The anode reaction is given as follows:

n Zn þ ZnSO4 � 7H2O�Znnþ1 SO4ð Þ � 7� 2nð ÞH2O

� 2n OHð Þ þ 2nHþ þ 2ne�

The cathode reaction is given as follows:

PbO2 þ 4Hþ þ 2e� � Pb2þ þ 2H2O

V2O5 þ 6Hþ þ 2e� � 2VO2þ þ 3H2O

The stabilized voltage of 1.32 V observed in the cell was

discharged through 1 M X load resistance at room tem-

perature. Discharge behavior of the cell with time was

shown in Fig. 12b, which indicates that the cell potential

decreases during discharge. The initial sharp decreasing in

voltage may be due to polarization [53] and it remains

constant for a particular duration after which there was a

decline in voltage. The region in which the voltage remains

constant is called as the plateau region. The OCV and

discharge time for plateau region and other cell parameters

for this cell were listed in Table 5.

4 Conclusions

In this work, the new biodegradable and high proton con-

ducting polymer electrolyte based on CA:NH4SCN was

prepared by the method of solution casting. XRD analysis

suggested an increase in the amorphous nature with

increase in NH4SCN salt concentrations in the polymer

matrix. FTIR study confirms the complexation of the

polymer with the dopant salt. The temperature dependence

ionic conductivity follows the Arrhenius relation. The

Fig. 10 Polarization current versus time plot for 50CA:50NH4SCN

Table 4 Ionic mobility and diffusion coefficient of cations and anions

Polymer composition (mol%) n (cm-3) tion D? (cm2 s-1) D- (cm
2 s-1) l? (cm2 V-1 s-1) l- (cm

2 V-1 s-1)

60CA:40 NH4SCN 4.22 9 1021 0.98 2.45 9 10-8 5.03 9 10-10 9.39 9 10-7 1.91 9 10-8

50CA:50 NH4SCN 3.19 9 1021 0.99 2.12 9 10-7 2.15 9 10-9 8.13 9 10-6 8.27 9 10-8

40CA:60 NH4SCN 2.36 9 1021 0.99 1.66 9 10-7 1.69 9 10-9 6.39 9 10-6 6.46 9 10-8

Fig. 11 Battery holder
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highest conductivity 3.31 9 10-3 S cm-1 was achieved

for the 50CA:50NH4SCN polymer electrolyte with lowest

activation energy 0.145 eV. Transference number data

show that the conductivity was mainly arises due to ions

rather than electrons. Thus, the optimized polymer

electrolyte 50CA:50NH4SCN with high conductivity was

applied for primary proton battery and their main param-

eters were reported. As a conclusion, the utilization of

biopolymer electrolyte, such as CA:NH4SCN with novel,

challenging, cheap and environmentally benign may have

not only suits for its superior ion conducting properties, but

also implied for energy storage devices such as fuel cell

and batteries.
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