Application of Liquid Gel Polymer Electrolyte Based
on Chitosan—-NH;NO; for Proton Batteries

A. Jamaludin, A. A. Mohamad

School of Materials and Mineral Resources Engineering, Universiti Sains Malaysia, Nibong Tebal 14300,

Penang, Malaysia

Received 24 November 2009; accepted 13 March 2010
DOI 10.1002/app.32445

Published online 2 June 2010 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: Liquid gel polymer electrolyte (LGPE) based
on chitosan, ammonium nitrate, and acetic acid with a ratio
of 1.9 : 0.17 ; 96.3 wt % gives the highest conductivity of
(146 = 0.07) 10 'S cm " at room temperature. This opti-
mized composition of electrolyte is then used in proton bat-
teries with the configuration of Zn + ZnSO4H,O/LGPE/
MnO,. The open circuit voltage of battery is 1.41 V during

48 h of stora%e. The battery obtained a discharge capacity of
27.90 mA h™ " upon discharge at 1.0 mA current. The maxi-
mum power density for the battery is 3.67 mW cm 2. © 2010
Wiley Periodicals, Inc. ] Appl Polym Sci 118: 12401243, 2010
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INTRODUCTION

Gel polymer electrolytes (GPE) are currently of great
interest commercially as they are seen as an attrac-
tive alternative to solvent-free systems because of
their higher ionic conductivity." GPEs are composed
of gel-type polymer matrices with or without sol-
vents or plasticizers. The GPE can be divided into
two categories: (a) liquid gel polymer electrolyte
(LGPE) and (b) solid gel polymer electrolyte (SGPE).
LGPE is liquid flowing gel and SGPE normally use
superabsorbent polymers to trap electrolytes. The
advantages of using GPE in proton batteries are,
first, they can obtain good surface contact and filling
property with electrodes. Second, they show high
ionic conductivity by trapping volatile organic sol-
vents in polymer cages formed in polymer matrices,
and their fabrication methods are simple.

Chitosan polymer-based electrolytes have nor-
mally been used as solid polymer electrolytes (SPE)
in the fabrication of proton batteries.”> Chitosan is a
neutral polymer; when it swells in water, its amine
group may be protonated and this will lead to ionic
conductivity.* The conductance behavior of the chi-
tosan polymer electrolytes is affected by the dopant
addition that is added to make the chitosan a proton
(H") conductor. The addition of ionic salt helps to
increase the conduction of electrolyte as the mobile
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charge carrier whether in solid, liquid, or gel forms.”
The use of NH4;NOj; as the salt in chitosan acetate
(CA) SPE gives conductivity in the order of 107 to
10°Sem 1>

In this work, LGPEs of chitosan-NH4NO; are pre-
pared to improve the conductivity and interface
problem that are presented during the characteriza-
tion of proton batteries. The highest conductivity of
chitosan + NH4;NO;3; + acetate acid solvent is used
for electrochemicals with an optimum composition
to obtain the highest proton characteristics of bat-
teries. Electrochemical characterizations, such as
open circuit voltage (V,.), discharge characteristics
and current-voltage (I-V), and current density-power
density (J-P) measurement will be presented in this
report.

EXPERIMENTAL

LGPE was prepared by dissolving 1.0 g chitosan
powder (Chito-Chem, Malaysia) in 50 mL of 1% ace-
tic acid solution. Acetic acid was used to dissolve
chitosan powder. Ammonium nitrate salt (NH,NO;,
Riedel-de Haén, Hanover, NH) was then added into
the mixture with different concentrations and stirred
thoroughly for 5 h at room temperature (25°C). The
samples were coded as CA-ON (control sample,
whitout NH4NO3), CA-30N, CA-60N, and CA-90N
for pure CA, CA with 30 wt % NH4NO; CA with
60 wt % NHyNO;, and CA with 90 wt % NH;NO;,
respectively. The ionic conductivities of the GPE
samples were measured by impedance spectroscopy
using Auotolab PGSTAT 30 Frequency Response An-
alyzer (Eco Chemie B.V. Netherlands) between
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Figure 1 Impedance spectrum for chitosan gel electrolyte
at various concentrations of NH4NOj at room temperature.

frequencies of 0.1 Hz and 1.0 MHz. Viscosities of the
samples were measured at room temperature with
Haake viscotester VT550.

Anode pellet was prepared by mixing zinc
powder (Zn, Merck), zinc sulfate heptahydrate
(ZnSO4-7H,0, Univar), polytetrafluoroethylene (PTFE,
Fluka), and acetylene black (AB, Gunbai). All mix-
tures for anode pellets were pressed using hydraulic
pressing to sandwich a stainless steel mesh as current
collector in the middle of the pellets. A mixture of
MnO, (Sigma-Aldrich), PTFE (Fluka), and AB (Gun-
bai) was prepared to form cathode pellet following
the same method used for anode.

Proton batteries were fabricated using the opti-
mum composition of CA-NH;NO; with the highest
ionic conductivity. Three batteries were tested to get
an average value. The V,. was measured for 48 h at
room temperature with no current flow between the
electrodes. The batteries were discharged at the con-
stant current of 1.0 mA. To plot the [-V and J-P
curves, the batteries were discharged with various
current ranges. The galvanostat of Autolab PGSTAT
30 GPES (Eco Chemie B.V.) was used to characterize
the batteries.

RESULTS AND DISCUSSION
Liquid polymer gel electrolytes characterization

Figure 1 shows the impedance spectrum of the
LGPE sample with various concentrations of
NH4NO;3;, Bulk resistance (R,) was obtained from the
interception of impedance spectrum on the real-axis.
R;, values decreased when concentration of NH4NO;3
was increased. Normally, blocking electrodes were
used to analyze the impedance spectrum where the
interface between electrodes and electrolyte can be
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regarded as a capacitance. The ideal capacitance
should be a vertical line in the impedance spectrum.
However, the spike angles (0) shown in Figure 1 are
about 70°. This can be explained by the roughness
interface and inhomogeneous surface contact
between the electrodes and electrolyte. However,
these 0 are higher compared to solid-state chitosan
polymer electrolyte system that gave only about
50°.” This shows that the chitosan LGPE in this work
gave better electrodes and electrolyte surface
contact.

The conductivity of GPE was then calculated
using the value of R,. The conductivity value for
pure chitosan was (0.34 + 1.23) x 10°* S cm™ .
However, the highest conductivity obtained was
(1.46 = 0.07) x 107" S cm ™' at 90 wt % of NH,NOs;,
which is higher than previous results used for pro-
ton batteries.”> When the concentration of NH,NO;
was beyond 90%, the gel became less viscous. There-
fore, to ensure the best performance of LGPE, the
optimum amount of NHNO; is 90%. Figure 2
shows the values of conductivity obtained at differ-
ent amounts of NH4;NOj3. The increase in conductiv-
ity was contributed by the increase of charge carrier
movement with added NH4;NOs.

Further understanding of the conductivity behav-
ior of this chitosan GPE can also be explained by the
plot of dielectric constant (g,) versus log frequency
as plotted in Figure 3. The plot shows the frequency
dependence of g, for different concentrations of
NH4NO; at room temperature. The g, values are
very high at low frequency. As the concentration of
NH4NOj; increased, the ¢, values also increased at
the same value of frequency. Meanwhile, the
increased number of H" free mobile ions was con-
tributed by NH4NO;. The values of ¢, can be used
as an indicator to show that the increase in

0.08 1

0.06 1

Conductivity, 5 (S cm™)

0.04 1

0.02 {

0.00 % T ‘ T -
0 20 40 60 80 100
NH;NO; (wt %)

Figure 2 Dependence conductivity of chitosan electro-
lyte with different compositions of NH4NO; at room
temperature.
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Figure 3 Frequency dependence of dielectric constant (g,)
for different NH;NOj concentrations at room temperature.

conductivity is due to an increase in the number of
free H" mobile ions; ¢, likewise implies that the frac-
tion increases in stored energy (E) per unit voltage

(V) or

G=r M

and
E=qV 2)

where g is the charge, combining eq. (2) and eq. (1),
we get eq. (3):

& =4 ©)

In other words eq. (3) shows that the ¢, represents
the fraction increase in charge. The charge is due to
H" ions and therefore it can be deduced that the
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Figure 4 Viscosity of chitosan gel electrolytes with differ-
ent compositions of NH4;NO; at room temperature.

Journal of Applied Polymer Science DOI 10.1002/app

JAMALUDIN AND MOHAMAD

[ ]
*%eetcencecens

0.8 4

Voltage, V (V)

0.6 1

0.4

0.2 4

0.0 T - T T T r T - - - -
0 4 8 12 16 20 24 28 32 36 40 44 48

Time, t (h)

Figure 5 Open circuit voltage of proton battery during 48
h of storage.

increase in ¢, reflects the increase in the number of
ions.

The intrinsic viscosities of CA-NHyNO; are
shown in Figure 4. The value for CA-ON, CA-30N,
CA-60N, and CA-90N are 0.63, 0.17, 0.12, and 0.04
Pa s, respectively. It can be seen that CA mixed with
NH4NO; salt had significantly lower viscosity than
pure CA. Chitosan is a biological product with
cationic (positive electrical charge) properties. It
posses monomer structure containing amine group,
R—NH;’. At the same time, addition of NH;NO; salt
supplies H" to the system. As a result, repulsion
between cations of R-NH; and H is believe to
occur due to the similar charge polarity. Further-
more, this repulsion promotes disentanglement
among the main polymer chains. As the polymer
chain is separated by each other, the acetate-based
solvent could penetrate in between them and con-
tributes to the reduction of the electrolyte viscosity.

16

~
14 |"e
“oee
12 oo,

1.0
0.8

06

Voltage, V (V)

04

02

0.0
0 5 10 15 20 25 30

Time, t (h)

Figure 6 Discharge characteristics of proton batteries 1.0
mA constant current.
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Figure 7 -V and J-P for proton batteries.

The decrease in viscosity also agrees with conductiv-
ity values.

Batteries characterization

Figure 5 shows the characteristics of open circuit
voltage (Voc) of proton batteries with CA-90N. It
can be observed that the voltage is initially higher
for a few hours and then remains stable. This shows
that the fabricated proton batteries are practically
stable in an open circuit condition. The batteries
give an Voc of 1.41 V after 48 h of storage under no-
load condition, comparable with our previous poly-
mer proton batteries.”®

The discharge profiles for the proton batteries are
shown in Figure 6. The plot shows a sloping dis-
charge pattern rather than a plateau region. From
our previous reports, the proton batteries discharge
pattern can be characterized into two types: (a) for
solid-state electrolyte®® and (b) for gel electrolyte.?
For solid-state electrolyte, the voltage plateau region
can be well defined. Meanwhile, the sloping pattern
only can be produced by gel-type electrolyte. As the
electrolyte used in this work is gel-type electrolyte,
the sloping pattern can be seen and the batteries are
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sustained for 27.90 mA h™'. This is higher than what
was reported by Ng and Mohamad,” which is 17.0
mA h™! for batteries with chitosan-NH,NOj; solid-
state electrolyte.

Figure 7 shows the I-V and J-P characteristics for
the proton batteries. From the J-P plot, it can be
observed that the voltage of the battery dropped to
a short circuit current density of 7.46 mA cm 2. The
highest power density for proton battery is 3.67 mW
cm 2 -V curve had a simple linear form that gives
the internal resistance (r) value calculated from the
gradient. Ohmic contributions that primarily domi-
nated the polarization on the electrode gave this lin-
ear-type plot. The r value obtained is 66.55 Q. The r
value from this work could be attributed to oxide of
the electrode developed during the contact with
electrolyte.

CONCLUSION

As expected, this chitosan-NH4;NO3; LGPE gives the
highest conductivity in the order of 107" S ecm ™.
Meanwhile the batteries” properties, namely, Voc of
1.41 V, the highest power density of 3.67 mW cm
and discharge capacity at 27.90 mA h™', can be con-
sidered as good properties for proton batteries. The
batteries” properties can be improved with the modi-
fication of electrode materials.
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