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ABSTRACT: A porous chitosan membrane was prepared by using an ultrasonic mixed phase inversion and solution-cast 
method using silica as the porogent agent and sodium hydroxide solution as the porogent remover. The porous chitosan 
membrane was soaked in 5.0-M ammonium acetate electrolyte for 48 hours. Several functional groups shifted, and the 
existence of an NH3

+ deformation peak (1540 cm-1) proved that interaction had taken place between the chitosan and 
ammonium acetate. A thermal analysis revealed that the porous chitosan membrane was suitable for use at room 
temperature and up to 60 °C. The tensile strength (1.2 MPa), modulus of elasticity (5.7 MPa) and elongation at break 
(14.5 %) met the minimum requirements for the use of membranes in batteries. The fabrication and comparison of the 
performance of two coin cell proton batteries combined in a series and connected to a green light emitting diode showed 
a correlation between the actual output voltage (2.6 V) and the simulation voltage (2.1 V). These results confirmed that 
the porous chitosan membrane had good properties and was suitable for use as a polymer electrolyte for proton batteries. 
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1. Introduction  

Chitosan has been used as a proton-conducting 
polymer electrolyte for the past decade [1-3]. Numerous 
modifications have been done to improve the properties of 
the chitosan proton-conducting polymer electrolyte, i.e. 
the addition of various types of salts [1, 4], plasticizers [2, 
5], fillers [6, 7], cross-linkers [8, 9], and the blending of 
chitosan with other polymers [10, 11]. However, previous 
studies focused on improving the ionic conductivity 
values, and were lacking in several characterizations, such 
as chemical interactions, thermal stability and tensile 
strength, in a single comprehensive report.  

Besides that, most of the previous studies used the 
chitosan proton-conducting polymer electrolyte in solid 
form. The drawback of a solid chitosan electrolyte is its 
poorer ability to absorb water (~ 95 %) compared with 
porous chitosan (~173 %) [12]. The existence of pores 
inside the chitosan membrane improves the electrolyte 
uptake (308.6 %) [13], ionic conductivity (3.6 × 10-3 S cm-

1), and electrochemical potential stability window (3.8 V) 
[14]. However, the majority of the studies on porous 
chitosan membranes focused mainly on fuel cell 
applications and performance [9, 15, 16].  

In fact, previous studies on the chitosan proton-
conducting polymer electrolyte were limited with regard to 
mixing with other materials or various types of 
characterizations without specific applications [17-20]. 
Since 2005, only eight proton batteries based on chitosan 
proton-conducting polymer electrolytes have been 
fabricated over eleven years of research [2, 4, 10, 13, 21-
24]. The comparison between the simulation and the actual 
performance is also important, particularly after being 
connected to a load. However, no studies have been 
carried out to compare the actual and the simulation 
performance of proton batteries. 

Therefore, the first goal of this study was to produce a 
porous chitosan membrane via an ultrasonic mixed phase 
inversion and solution-cast method, and to characterize the 
functional groups, and the thermal and tensile properties. 
The second goal was to fabricate a porous chitosan 
membrane as an electrolyte for proton batteries and to 
compare the actual and simulation performance of coin 
cell proton batteries connected to a light-emitting diode 
(LED). 

 
2. Experimental 
2.1 Porous Chitosan-NH4CH3COO: Preparation and 
characterization 

A porous chitosan membrane (PCA) was prepared by 
an ultrasonic mixed phase inversion and solution-cast 
method [13, 14], and was used as the control sample. The 
PCA was soaked in a 5.0-M ammonium acetate 
(NH4CH3COO) electrolyte for 48 hours (PCA-5A), as 
explained in detail earlier [14]. The functional groups of 
the NH4CH3COO electrolyte, PCA and PCA-5A 
membranes were analysed using Fourier transform 
infrared spectroscopy (FTIR, Perkin-Elmer®) with a wave 
number of between 4000 and 550 cm−1 and a resolution of 
4 cm-1. The chemical interaction was sketched using 
ChemDraw Ultra 8.0.  

The thermal stability of the PCA and PCA-5A 
membranes were determined based on their weight loss at 
a certain temperature by using thermogravimetric-
derivative thermogravimetric analysis (TGA-DTG, Perkin 
Elmer®). The PCA and PCA-5A membranes (10.0 mg) 
were placed in alumina crucibles, and were subjected 
concurrently to a temperature range of between 35 to 800 
°C. All the measurements were conducted under an inert 
nitrogen atmosphere at a heating rate of 10 °C min-1 to 
avoid oxidation of the samples. From the TGA curves, the 



	

characteristic temperatures of the initial and maximum 
decompositions were determined. 

The tensile properties of the PCA and PCA-5A 
membranes were determined by using a tensile test 
(Testometer M 500). The tensile test was conducted based 
on ISO 527-3 at a testing speed of 50.0 mm/min using 
dumbbell specimens with a width of 5.0 mm cut from a 
moulded sheet. Five membranes were used for each test 
and the average value was taken with regard to the tensile 
properties.  

 
2.2 Proton Batteries: Fabrication and simulation 

The proton batteries were fabricated as Zn + 
ZnSO47H2O + Super P + PTFE || PCA-5A membrane || 
MnO2 + Super P + PTFE coin cell [13]. Two coin cells 
were combined and connected in series to turn on the 
green LED for the actual proton batteries. A virtual 
electronic simulation using MULTISIM was also 
employed to compare the simulation performance with 
that of the actual proton batteries. All the components and 
circuits were designed to be similar to the actual ones. The 
input value of each virtual coin cell was set at 1.5 V, 0.03 
Ω, and 11.7 mA h based on the prior open circuit voltage 
(OCV), current-voltage (I-V) and discharge profile data, 
respectively [13]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3. Results and discussions  
3.1 Functional groups and chemical interaction 

The existence and shifting of the functional groups in 
the PCA and PCA-5A membranes were important to prove 
that protonation occurred due to the shifting of –NH2 to –
NH3

+ after having been soaked in the 5.0-M NH4CH3COO 
electrolyte (Figure 1a-d). In the region of 3800-2200 cm-1, 
the broad peaks (3600-3050 cm-1) of the PCA membrane 
referred to the N–H and O–H bands [25-27]. The two 
peaks that were present in the region of 1800-1200 cm-1 
were the C–O–NHR band and the NH2 deformation of 
amine. In the region of 1200-900 cm-1, the peaks were 
assigned to the C–O stretch, C–O–C bending vibration of 
the glucose rings and the glycosidic linkages. Another two 
peaks (990 and 928 cm-1) were assigned to the C–O–H 
deformation of the O–H bending. All the FTIR peaks of 
the PCA membrane were similar to those in a previous 
study on chitosan membranes [21, 27-29]. 

Meanwhile, for the NH4CH3COO electrolyte, only one 
peak (C–H stretch) was revealed in this region (3800-2200 
cm-1).  Four peaks were present in the region of 1800-1200 
cm-1, namely the N–H bend, CH3 deformation, C=O 
symmetrical stretching and C-H deformation bend.  The 
three peaks revealed in the region of 1200-900 cm-1 were
   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: (a) FTIR spectra of PCA membrane, ammonium acetate, PCA-5A membrane in different regions of 3800-2200 
cm-1, (b) 1800-1200 cm-1, (c) 1200-900 cm-1, (d) 900-550 cm-1, and (e) interaction between PCA-5A membrane and 
ammonium acetate electrolyte 
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assigned to the C–O stretch. In the region of 900-550 cm-1, 
the peaks referred to the O–C–O bend of the COOR. The 
FTIR data of the NH4CH3COO were supported by the 
literature [30].  

After being soaked in the 5.0-M NH4CH3COO 
electrolyte, both the PCA-5A membrane peaks (3364 and 
3244 cm-1) shifted (3366 and 3202 cm-1) due to the 
symmetric and asymmetric N–H bands and the stretching 
vibration from the intra and inter-molecular hydrogen 
bonds of O–H [25-27]. The disappearance of the 
NH4CH3COO peak (2797 cm-1) indicated that interaction 
had occurred between the PCA-5A membrane and the 
NH4CH3COO. Two peaks were exhibited in the region of 
1800-1200 cm-1. The peak at 1540 cm-1 was assigned to 
the deformation of NH3

+.   
The shifting of the NH4CH3COO peak at 1400 cm-1 to 

1404 cm-1 (symmetrical stretching of C=O) indicated the 
absorption of NH4CH3COO into the PCA-5A membrane. 
The shift of the C=O bond to a higher wave number was 
due to the increase in the force constant of the C=O bond 
[30]. Few peaks were depicted in the region of 1200-900 
cm-1 for the PCA-5A membrane. The C–O stretched peak 
of the chitosan remained unchanged. The peaks at 1081 
and 1030 cm-1 (C–O–C bending vibration) shifted (1068 
and 1020 cm-1), while the peak at 928 cm-1 (C–O–H 
deformation) also shifted (926 cm-1). In the region of 900-
550 cm-1, two peaks of NH4CH3COO at 657 and 620 cm-1 
(O–C–O bend) shifted (652 and 624 cm-1). The shifting of 
these peaks confirmed the interaction between the PCA-
5A membrane and NH4CH3COO.  

The conducting species in this work were the H+ ions, 
similar with the previous study by Hashmi et al. [31]. This 
indicated that the H+ ions that originated from the 
NH4CH3COO had been absorbed by the PCA-5A 
membrane, and that the conduction had occurred via the 
Grotthuss mechanism [28]. One of the four hydrogen 
atoms with the weakest bond in the NH4

+ ion was able to 
dissociate easily under the influence of an electric field. 
This H+ ion could hop from one site to another, leaving a 
vacancy which was filled by another H+ ion from a 
neighbouring site (Figure 1e).  

The three polar functional groups, namely the –OH, –
NH2 and C–O–C groups, along the backbone demonstrate 
that chitosan has high water-attracting capacity to form 
hydrogen bonds (CH2OH–OH2, OH–OH2 and NH2–H2O) 
[32-34]. Meanwhile, a specific platform for side group 
attachments under mild reaction conditions is provided by 
the active primary amine (–NH2). Since –NH2 is positively 
charged, hence it will be attracted to the anionic ions 
(COOH-) and will bind and bridge with them [35]. This is 
similar to previous FTIR results for chitosan-NH4NO3 and 
chitosan-NH4I [5, 28]. 

However, this study focused on the ability of the 
NH4CH3COO electrolyte solution to be absorbed by the 
PCA-5A membrane rather than the production of polymer-
salt complexation. The absorption of NH4CH3COO into 
the pores of the membrane occurred externally during the 
soaking process. In addition, the FTIR results were also 
correlated with the conductivity results. There was also not 
much change in the conductivity values (in range of 10-3-
10-4 S cm-1) [13, 14]. Details on the shifting of the PCA 
and PCA-5A membrane functional groups are summarized 
in Table 1. 

Table 1: Functional groups of PCA membrane, 
ammonium acetate and PCA-5A membrane 

 
Sample Wave number 

(cm-1) 
Functional group 

 
 
 
 
PCA 

3364 N–H stretch 
3244 O–H stretch 
1648 C–O–NHR band 
1587 NH2 deformation 
1152 C–O stretch 
1081 C–O–C bending vibration 
1030 C–O–C bending vibration 
990 C–O–H deformation 
928 
  

C–O–H deformation 

NH4CH3
COO 

2797 N–H stretch 
1540 N–H bend 
1470 CH3 deformation 
1400 C=O stretch 
1340 CH3 deformation 
1050 C–O stretch 
1010 C–O stretch 
923 C–O stretch 
657 O–C–O bend 
620 O–C–O bend 

PCA-5A 

3366 N–H stretch 
3202 O–H stretch 
1540 NH3

+ deformation 
1404 C=O stretch 
1152 C–O stretch 
1068 C–O–C stretch 
1020 C–O–C bending vibration 
926 C–O–H deformation 
652 O–C–O bend 
624 O–C–O bend 

 
3.2 Thermal stability  

The TGA-DTG analysis was important for determining 
the thermal stability and the degradation of the PCA and 
PCA-5A membranes. The weight loss of the PCA 
membrane was divided into three stages (Figure 2a). 
Stage I, within the range of between 30 and 100 °C 
(decomposition temperature of 70 °C), referred to the 
evaporation of water from the membrane. The range for 
stage II was divided into two parts, including 101-230 °C 
(decomposition temperature of 210 °C) and 221-320 °C 
(decomposition temperature of 280 °C). This referred to 
the degradation of the side-chains and backbone of the 
chitosan. Stage III (321-700 °C) indicated the continued 
degradation of the chitosan backbone and all the 
components.  

Meanwhile, for the PCA-5A membrane, a large TGA 
curve and decomposition temperature peaks (80 °C) could 
be seen at Stage I (30-210 °C), indicating a higher weight 
loss compared to the PCA membrane (Figure 2b). The 
rapid weight loss and the decomposition temperature in 
Stage I were attributed to the increasing amount of 
NH4CH3COO electrolyte that was being absorbed into the 
membrane. The interconnected pores may have been the 
reason for the continuous loss in weight of the membrane 
[36]. Although a large amount of electrolyte was absorbed  
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Figure 2: TGA-DTG curves for (a) PCA, and (b) PCA-5A membranes
 
into the PCA-5A membrane, the large, open pore layer 
was not suitable for the retention of the electrolyte at 
elevated temperatures. Hence, the NH4CH3COO 
electrolyte inside these pores was able to evaporate 
naturally with a slight increase in temperature, similar to a 
prior study on porous PVDF-HFP membranes for lithium 
battery applications [36].  

The weight loss in the PCA-5A membrane at Stage II 
(211-340 °C) with a decomposition temperature peak at 
290 °C was also higher compared to that of the PCA 
membrane. After being soaked in the NH4CH3COO 
electrolyte, the moisture content of the PCA-5A membrane 
increased, promoting higher dehydration of the saccharide 
rings, depolymerisation and decomposition of the chitosan 
backbone, including the acetylated and deacetylated units 
in Stage II. The weight loss of the remaining components 
and the degradation of the chitosan backbone continued to 
increase in Stage III (341-700 °C).  

The PCA-5A membrane also had a higher residual 
weight compared to the PCA membrane. This was due to 
the trapped solvent within the polymer structure, as this is 
not characteristic of the polymer phase [37]. Generally, the 
porous polymer membrane with smaller-sized pores has 
much more compacted pore layers. This structure can 
efficiently suppress the evaporation of the liquid 
electrolyte when the temperature increases slightly. Most 
of the liquid electrolyte is stored inside [36]. However, at 
room temperature and up to 60 °C, the PCA-5A membrane 
still exhibited a good retention of the NH4CH3COO 
electrolyte, and therefore, is suitable for use as an 
electrolyte for proton batteries. 

 
3.3 Tensile properties 

The tensile properties, including tensile strength, 
modulus of elasticity and elongation at break, are 
important characterizations for determining the flexibility 
of the PCA and PCA-5A membranes based on the stress-
strain curves. The small plastic region of the PCA 
membrane in the stress-strain curve denoted that this 
membrane is brittle, based on the tensile strength value of 
2.0 MPa, and the modulus of elasticity of 6.0 MPa, but has 
sufficient flexibility of 9.2 % (Figure 3).  

 

 

 
 
Figure 3: Stress-strain relation of PCA and PCA-5A 
membranes 
 

After being soaked in the NH4CH3COO electrolyte, the 
stress-strain curve of the PCA-5A membrane showed a 
large plastic region. The tensile strength (1.2 MPa) and 
modulus of elasticity (5.7 MPa) decreased, but the 
elongation at break (14.5 %) increased. This indicated that 
the greater amount of NH4CH3COO electrolyte that had 
been absorbed into the PCA-5A membrane enabled the H+ 
ions to move freely inside the membrane. The chitosan 
chains were less intact, and the friction between the chains 
was reduced. Hence, the PCA-5A membrane became more 
flexible, the tensile strength and modulus of elasticity were 
reduced, and the elongation at break increased.  

According to Zhang et al. [38], the tensile strength 
value need not necessarily be lower than 1.1 MPa for 
battery applications. Although the tensile strength for the 
PCA-5A membrane was lower, it still met the minimum 
requirement of tensile strength for batteries. The value of 
the tensile strength was comparable with the value of the 
tensile strength of the chitosan membrane for 
electrochemical devices (1.2-4.1 MPa) [39]. In fact, the 
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Figure 4: (a) Actual functioning of coin cell proton batteries connected in series with green LED, (b) simulation of coin 
cell proton batteries using MULTISIM during testing, (c) after completion of the testing, and (d) output voltage of actual 
and simulation coin cell proton batteries connected in series with green LED 

 
main issue here was to obtain the tensile properties in 
terms of specific values to withstand the tension of the 
winding membrane during the fabrication of proton 
batteries. Based on all the characterizations that have been 
discussed, the PCA-5A membrane is suitable for 
fabrication as an electrolyte for coin cell proton batteries. 

 
3.4 Performance of proton batteries: Actual and 
simulation 

It is important to determine the output voltage of coin 
cell proton batteries as the lifespan and the performance of 
the batteries are sensitive to the discharging parameters 
[40]. The output voltage for a green LED (2.6 V) 
connected to two coin cell proton batteries in series 
confirmed that the proposed circuit was valid since a 
minimum voltage of 1.9 V was needed to turn on the green 
LED in series (Figure 4a). Meanwhile, the virtual 
electronic simulation of the two coin cell proton batteries 
connected in series with the LED showed that the green 
LED was brightly lit with an output voltage of 2.1 V 
(Figure 4b). At the end of the simulation, the output 
voltage decreased in accordance with the actual output 
voltage (Figure 4c). The initial output voltage of the 
simulation was slightly lower compared to the actual 
output voltage. After 10 hours, the voltages of both proton 
batteries continued to decrease to 100 hours (Figure 4d).  

 
The output voltage of the actual functioning and 

simulation of the coin cell proton batteries should be 
similar with the nominal voltage of a commercial Zn-
MnO2 battery (1.5 V). Hence, the combination of two coin 
cell proton batteries in series with an LED should give a 
nominal voltage of 3.0 V. However, the initial voltage for 
the actual functioning was slightly lower, and this was 
attributed to several factors, such as the anode material, 
type of electrolyte and weight of the anode. Meanwhile, 
the initial output voltage of the simulation was lower due 
to the limitation of the MULTISIM software, similar to a 
previous study on simulation for PEMFC [41]. 

 
4. Conclusion  

The PCA and PCA-5A membranes were successfully 
characterized by their functional groups, and thermal and 
tensile properties. All the characterization results 
confirmed that the PCA-5A membrane has good 
electrolyte properties. The correlation between the actual 
and simulation performance proved that the PCA-5A 
membrane is suitable for use as an electrolyte for proton 
batteries.  
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