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Abstract 

Methanesulfonic acid (MSA) and sodium salts of dodecylbenzene sulfonic acid (SDBS) were introduced 

into chitosan matrix to improve the proton conductivity and solvent stability through cross-linking with 

sulfuric acid. 15 wt % MSA doped chitosan membrane shows a proton conductivity of 2.86×10
-4 

S/cm at 

100°C, but when doped with 10 wt% SDBS, the conductivity of 4.67×10
-4 

S/cm was obtained at the 

same temperature. The MSA and SDBS doped membranes exhibited better performance compared to 

pristine chitosan (CS) membrane in terms of mechanical properties and electrical resistance. In addition, 

the doped membranes are thermally stable up to 260°C. Thus doping of chitosan with MSA and SDBS 

is found to provide an efficient route to improve thermal stability, mechanical properties and proton 

conductivity required for polymer electrolyte membranes for fuel cell applications. Moreover, the cost 

effectiveness and eco – friendliness of CS-MSA and CS-SDBS membranes make their applicability in 

fuel cell more attractive than the state – of – art (Nafion). 

Keywords: Chitosan, fuel cell, polymer electrolyte membrane, proton conductivity 

 

1. Introduction 

 The proton exchange membrane fuel cells (PEMFCs) have received much attention as a source of 

clean energy for transportation and portable electronic applications owing to their high energy 

conversion efficiency and better environmental impact [1-2]. Among the various types of energy 

devices, the direct methanol fuel cells (DMFCs) are found to be very suitable for portable and 

transportation applications due their ease of fuel design applicability [3]. The proton exchange 
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membranes (PEMs), also known as polymer electrolyte membranes are the heart of PEMFCs, and they 

function as an electrolyte for transferring exclusively proton from anode to cathode and provide barrier 

to electrons and fuel crossover [4]. An ideal PEM material must have high proton conductivity, good 

mechanical strength, high fuel crossover resistance, superior thermal and chemical stability and low 

electric conductivity required for a solid electrolyte for fuel cell [5-7]. Typically, Nafion (a 

perfluorinated ionomer) based membranes have been considered as the state-of-art as commercial 

polymer electrolyte membranes in fuel cells by their superior proton conductivity and physicochemical 

properties. However, high cost, poor fuel barrier properties and instability at operating temperature 

above 80°C (due to dehydration) have limited their commercial applications. Further, the safe 

disposability leading to natural biodegradation after useful life is also an important consideration for any 

useful polymeric materials [8-10]. 

 The cost effective and eco – friendly polymer electrolyte membranes derived from renewable sources 

can be a promising substitute for common synthetic polymers used in electrochemical devices such as 

Nafion and sulfonated engineering polymers (sulfonated poly(ether ether ketone), polyvinylidene 

fluoride, polystyrene, poly(arylene ether sulfone), etc.) [11]. In recent years, chitosan has been widely 

used as a promising low cost material as proton exchange membranes due to their abundance in the 

environment with biodegradable, biocompatible and non-toxic nature, low electrical conductivity and 

methanol permeability. Chitosan is a copolymer consisting of N-acetyl 2-amino glucosamine and D-

glucosamine. Furthermore, chitosan based materials exhibit good chemical and thermal stability even up 

to 200 °C with an acceptable mechanical strength, required for fuel cell operation. However, the pristine 

chitosan has low conductivity due to the absence of mobile hydrogen ions in its structure. Very low 

proton conductivity (~10
-9

S/cm) has been reported in dry chitosan film without any structural 

modification [12,13]. The presence of functional groups like amine and hydroxyl in the chitosan 

polymer structure provide scope for further modification to tailor its properties [14-16]. The facile and 

efficient approach to improve the proton conductivity of chitosan membranes is through doping using 

acid or inorganic salt [12,13,15,17-20]. These studies show that the proton conductivity of the chitosan 

membranes could be improved while maintaining its good mechanical, thermal and chemical stability, 

through cross-linking and appropriate doping. 

 Methanesulfonic acid (MSA) and sodium salts of dodecylbenzene sulfonic acid (SDBS) are well 

known as electrochemically active materials having strong acidity and high proton conductivity. SO3H 
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groups in these sulfonic acids can provide additional charge hoping sites for proton migration via the 

Grotthuss mechanism at high temperature. The electrostatic interaction between sulfonic acid groups 

with the basic amine group of chitosan help in proton transportation with low energy barrier. This 

further enhances mechanical and thermal stability of the system [21]. In addition, biodegradability and 

hence the green characteristics of MSA and SDBS reduces the environmental impact [22-24]. 

 PEMs (proton exchange membranes) with high ion exchange capacity have the problem of high 

water uptake, which can be solved by the cross linking. Sulfuric acid has been used as a cross linking 

agent for chitosan based membranes [25-26]. In this study, in order to improve the mechanical 

properties as well as proton conductivity, chitosan was doped with 5 – 15% of MSA and SDBS. The 

prepared membranes were cross-linked with 0.5M sulfuric acid solution in order to maintain hydrolytic 

stability of the membranes. To the best of our knowledge, the synergistic effect of dopant (MSA and/or 

SDBS) and cross linking agent has not been reported before. The membranes were characterized in 

detail by FTIR and UV-Visible spectroscopy, atomic force microscopy (AFM), mechanical properties, 

thermal and oxidative stability, ion exchange capacity, water and methanol uptake and proton 

conductivity at different temperatures as well as frequencies. The results are discussed in detail and 

compared with previously reported systems.  

2.  Experimental 

2.1 Materials  

 Chitosan has molecular weight   2 × 10
5 

and degree of deacetylation 90% was purchased from Acros 

organics. Acetic acid (99%) and sulfuric acid (98%) were supplied by Merck limited (Mumbai). 

Methane sulfonic acid (MSA) (99%) was procured from Merck Millipore India Pvt Ltd (Bangalore). 

Sodium salt of dodecylbenzene sulfonic acid (SDBS) was purchased from Sigma Aldrich. The entire 

reaction was carried out in de-ionized water. All the reagents were used as received without further 

purification.  

2.2 Membrane preparation 

 Doped chitosan membranes (CS-MSA and CS-SDBS) were prepared by reacting chitosan acetate 

solution with MSA and SDBS. 1.5 g of chitosan powder was dissolved in 100 ml of 1% (v/v) acetic acid 

solution to form chitosan acetate solution. After complete dissolution of chitosan powder, methane 
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sulfonic acid (MSA) of 0, 5, 10 and 15wt% of chitosan was added individually to the chitosan acetate 

solution and mixed for about 4 h at room temperature. The solution was allowed to stand for 12 h at 

room temperature to remove air bubbles and then cast onto a clean glass petri dish and dried at room 

temperature for 48 h and the bubble free film was peeled off with the help of a sharp knife. The resultant 

dried membranes (film) were further subjected to cross linking through immersion in 0.5 M H2SO4 

solution for 24 h at room temperature. The cross-linked films were then washed with deionized water to 

remove unreacted dopant and cross linking agent. The cross-linked films were further dried in a vacuum 

oven at ambient temperature for 24 h. The membranes thus obtained were designated as CS (neat 

chitosan), CS-MSA-5, CS-MSA-10 and CS-MSA-15 respectively. The samples were kept in desiccator 

in order to avoid exposure to moisture before further characterization. All membranes had a thickness of 

50 – 100 µm. The similar procedure was also used in the case of chitosan doped with sodium salt of 

dodecylbenzene sulfonic acid (SDBS) based membranes (5, 10 and 15wt %) and designated as CS-

SDBS-5, CS-SDBS-10 and CS-SDBS-15 respectively. 

2.3  Membrane characterization 

 Fourier transform infrared spectroscopy (FTIR) studies were performed to find any possible 

interaction among different chemical groups present in doped and cross-linked chitosan. The Fourier 

transform infrared spectroscopy (FTIR) was done using Perkin Elmer FTIR spectrometer in the 

attenuated total reflectance (ATR) mode in the wavenumber region of 4000-650 cm
-1

.The UV-Visible 

optical absorption spectra of the membranes were recorded over the wavelength region of 200 – 700 nm, 

with scan rate of 120 nm/min using Perkin Elmer UV - Win lab spectrometer by directly inserting the 

membrane in the beam. The surface topography and phase image of the membranes was investigated 

using an atomic force microscopy (AFM) (Agilent technologies 5500) in tapping mode. The roughness 

was obtained from the 5 µm × 5 µm scan. The surface and cross-sectional morphology of the membranes 

was characterized by using a field emission scanning electron microscope (FE-SEM Zeiss, Merlin, 

Gemini – 2, Japan) at a magnification of 10000. The operational voltage was set to 5 kV to protect the 

biopolymer based sample.  

 The ultimate tensile strength and percentage elongation at break were measured using Tinusolsen 

Universal Testing Machine (UTM) (model, H50KS, UK). The testing was performed according to the 

standard ASTM D 638-08. Dumb-bell shaped specimens of the samples were punched out using an 

ASTM 412 – B die from the cast films. Measurements of hydrated membranes were taken on samples 
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immediately removed from water after being soaked for 24 h at room temperature. The results reported 

are based on the average values of three specimens. The ion exchange capacity (IEC) of membranes was 

determined using acid-base titration method (ASTM D 2180) using sodium chloride as the exchange 

medium. The membrane in the form of H
+ 

ions was converted to the Na
+ 

form after immersing in 1M 

NaCl solution for 24 hours at room temperature. Released H
+ 

ions were titrated with 0.01M NaOH 

solution using phenolphthalein indicator. The IEC of membranes were calculated using the following 

equation and expressed as mmol per gram of dry membrane. 

IEC = 
              

    
⁄  

Where CNaOH (mol/L) and VNaOH (ml) are concentration and volume of NaOH solution required for 

neutralization of the solution and Wdry is the weight of the dry membrane. 

 Membrane hydrolytic stability was measured using water and methanol uptake. The membranes 

were dried at 80 °C for 24h, weighed (Wdry) and immersed in deionized water at three different 

temperatures (room temperature (RT), 80°C, 100°C) and methanol (1M and 5M) at RT, 50°C and 80°C 

separately for 24 hours. After wiping the surface water, the samples were quickly weighed (Wwet) and 

water / methanol uptake was calculated using the following equation: 

Water/Methanol uptake = 
                

    
⁄

 

 The thermal stability of the prepared membranes was determined using thermogravimetric analyzer 

(TGA/DSC 1, Mettler Toledo) under nitrogen atmosphere from room temperature to 700°C at 20°C/min 

heating rate. The oxidative stability of the membranes was evaluated by recording the percentage weight 

loss in the membrane (2 × 2 cm
2
) after being soaked in Fenton’s reagent (3 % H2O2 with 2 ppm FeSO4) 

at 80°C for 1h. The proton conductivity of polymer electrolyte membranes was measured using a high 

performance ac impedance analyzer (Win deta Novotherm α) over a frequency range of 1–10
6
 Hz with 

the voltage of 10 mV. The membranes of 14 mm diameters and 0.05-0.07 mm thickness were 

sandwiched between two copper electrodes and kept in a thermal chamber. For conductivity 

measurements in the hydrated state, the membranes were immersed in de-ionized water at room 

temperature for 24 h. Before the measurement, the surface water was properly removed and the swollen 
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membrane was quickly placed in the measurement cell. The measurements were performed at 

temperature of 40 – 125 °C. The proton conductivity was calculated as follows: 

σ =           ⁄  

Where σ is conductivity (S/cm), d is the thickness of the sample (cm), Rb is the bulk resistance (Ω) and A 

is the area of sample (6.15 cm
2
). 

 The prepared membranes were electrochemically characterized at room temperature using cyclic 

voltametry. The measurement set up consist of a typical cell with Ag/AgCl, platinum wire and the 

prepared membrane as reference, counter and working electrode respectively with the electrolyte of 1M 

H2SO4 solution. The cell was connected to an autolab N-302 potentiostat/galvanostat and the voltagrams 

were obtained by scanning at 20mV/sec from -0.2 to 6.0 V. 

3.  Results and discussion  

3.1 Structure and morphology of membranes  

 FTIR spectra of pure chitosan powder, cross-linked CS-MSA and CS-SDBS membranes were 

recorded to investigate the interaction among different groups present in chitosan, dopants (MSA and 

SDBS) and cross linking agent (H2SO4). Fig. 1(a) shows the FTIR spectra of pure chitosan powder and 

undoped cross-linked chitosan film. The peak appeared at 1645 cm
-1

 in pure chitosan powder is 

associated with C=O stretching of secondary amide and the peak at 1156 cm
-1

 corresponds to C-O-C 

antisymmetric stretching, whereas the doublet peaks at 2926 and 2866 cm
-1

are attributed to the C-H 

symmetrical and asymmetrical stretching respectively. The symmetric bending vibration of C-H and 

stretching of C-O are appeared at 1378 and 1080 cm
-1

respectively [25,27-30]. After cross-linking with 

H2SO4, definite changes are observed in the FTIR spectrum of pure chitosan. Based on the spectral 

information, the schematic route for different interactions is described in Fig. 2. The spectrum of pure 

chitosan powder shows the strong characteristic absorption band in between 3000 cm
-1 

and 3700 cm
-1

, 

which is ascribed to the stretching vibration of N-H (primary amine) and O-H groups exhibit strong 

hydrogen interactions [25,29]. After cross linking with sulfuric acid, this band became broader and 

shifted to the lower wavenumber region attributed to the protonation of NH2 group and hence changes in 

hydrogen bond structure. In addition, the absorption peak at 1156 cm
-1

 attributed to C-O-C stretching is 

obscured by broad band at 1017 cm
-1 

after cross linking. The appearance of two new peaks at 1533 cm
-1
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and 699 cm
-1

 are due to the symmetric bending vibration of NH3
+
 and S-O deformation respectively 

after cross linking reveals the existence of strong ionic interaction between negatively charged SO4
2-

 

ions of cross linking agent (sulfuric acid) with the positively charged amino groups in chitosan (Fig. 2a) 

[11,25,31]. The absorption band at 1645 cm
-1

 shifted to 1630 cm
-1 

which again reveals the formation of 

hydrogen bonding between acetamide and sulfuric acid (Fig. 2b). The preparation of membranes 

through cross linking of chitosan or its blends with sulfuric acid and their spectral characteristics were 

reported earlier in the literature [12,25]. Our results are in good agreement with published literature and 

support the conclusion of formation of electrostatic interactions between sulfate anion and protonated 

amino group and / or acetamide group of chitosan. The formation of cross links among chitosan polymer 

chain through H2SO4 was also confirmed by solubility characteristics of membranes before and after 

cross linking, when it is immersed in water for 24 h. Before cross linking, the membrane was readily 

dissolved, but after cross-linking instead, swelled which confirms the cross-linked structure formed in 

the membranes.  

 Fig. 1 (b and c) displays the IR spectra of doped chitosan membranes by MSA and SDBS with 

varying concentration of 0 wt% to 15 wt% respectively. In the IR spectra of MSA and SDBS doped 

membranes, peaks due to all expected functional groups of chitosan backbone structure are observed. 

However after the addition of dopants, the peak at 1645 cm
-1

 of pure chitosan powder (Fig. 1a) shifted to 

the lower wavenumber and a new peak with increase in intensity with dopant concentration is observed 

at 1533 cm
-1

 (symmetric N-H deformation in protonated amine) in both MSA and SDBS doped 

membranes [12]. Moreover, the sharp increase in intensity of peak at around 1020 cm
-1 

with increase in 

dopant concentration observed is due to the overlapping of C-O stretch in primary alcohol of chitosan 

and S=O stretch  (1024 cm
-1

) in sulfonic acid (MSA and SDBS), which confirms the presence of -SO3H 

group in doped membranes [5,32]. The increase in the intensity of the peak at 2359 cm
-1 

indicates the 

presence of O-H stretching vibration in SO3H. The appearance of the peak due to NH3
+
and S=O at 1533 

cm
-1

 and 1024 cm
-1

 indicate the evidence of successful doping of MSA and SDBS into chitosan matrix 

possibly through ionic bonding between NH2 and SO3groups (Fig. 2c). The shift in peak due to C=O 

group of amide II linkage is observed due to the hydrogen bonding between amide and sulfonic groups 

(Fig. 2g).  Further, the sharpening of the band between 3000 cm
-1 

and 3700 cm
-1

and increase in the 

intensity of the peak at around 1020 cm
-1 

after MSA and SDBS doping in membranes confirms the 

formation of hydrogen bond among hydroxyl, amine and sulfonic groups of the matrix and dopants (Fig. 

2d - f) [ 33-36].   
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.Fig. 1 FTIR spectra of (a) Chitosan powder and undoped cross-linked chitosan membrane (CS) (b) CS-

MSA and (c) CS-SDBS membranes  

 The physico-chemical interactions between chitosan and its dopants in CS-MSA and CS-SDBS 

membranes were confirmed by UV-visible spectroscopy. Fig. 3 shows the absorption spectra of CS-

MSA and CS-SDBS membranes in the range of 200 – 700 nm. Obviously, the uncross-linked chitosan 

membrane exhibited characteristics peaks centered at circa 253 nm and 310 nm. These are attributed to n 

– π
* 

and n - σ
* 

transitions of C=O and NH2 groups respectively. After incorporation of different 

concentrations of dopant (MSA or SDBS) and cross linking agent, the peak at 253 nm disappeared, and 

absorption band at around 310 nm shifted towards lower wave number. In the presence of dopant and 

cross- linking agent the positively charged amino groups are ionically bonded with SO3
- 
(Fig. 2c) and 

SO4
2- 

(Fig. 2a) groups respectively, which donates nitrogen with stream of electrons and decreases the 

energy level of σ
*
. As a result, a blue shift of transition from 310 nm (uncross linked membrane) to 306 

nm (doped and cross-linked membranes) has been observed [37]. Furthermore, the disappearance of 

hump at 253 nm in doped and cross-linked membranes demonstrates the existence of electrostatic 

interaction among acetamide and sulfuric acid (Fig. 2b) or sulfonic group (Fig. 2g) of chitosan, cross- 
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linking agent and dopants. The similar spectral pattern observed for all the membranes, which suggests 

that these membranes are well doped with sulfonic acid (MSA and SDBS). These observations are in 

good agreement with the results obtained by FTIR analysis. All the membranes are clear and 

transparent.
 

 

Fig. 2 A pictorial representation of both doped and cross-linked membrane. 
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Fig. 3 UV-Visible absorption spectra of (a) CS-MSA and (b) CS-SDBS membranes 

 Atomic force microscope (AFM) was employed to investigate the surface morphology evaluation of 

chitosan membranes after doping with MSA and SDBS. The AFM topographical images of the MSA 

and SDBS doped CS membranes were recorded using tapping mode under ambient conditions, as 

presented in Fig. 4 (a – g). The dark areas and the bright areas in AFM phase images are ascribed to the 

hydrophilic (ionic) and hydrophobic domains respectively. The CS membrane shows a homogeneous, 

dense and smooth surface. However, with increase in MSA and SDBS content, more dark area observed 

indicates the increase in hydrophilic structure of the membranes. Table 1 reports the quantitative data on 

surface roughness in terms of root mean square value for surface roughness. The mean roughness of the 

surface topography of the membranes was found to increase from 4.66 nm to 7.55 nm and 17.4 nm 

respectively with increase in MSA and SDBS dopant content from 0 to 15 wt% respectively. 

Comparatively higher roughness has observed for CS-SDBS membranes, which is due to presence of 

rigid aromatic structure of SDBS. The variation in surface structure follows the trend of water uptake. 

Thus the increase in hydrophilic domains with increasing MSA and SDBS content contributed towards 

higher hydrophilicity of the membranes. 
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Fig. 4 Phase and topographical images of (a) CS (b) CS-MSA-5 (c) CS-MSA-10 (d) CS-MSA-15 (e) 

CS-SDBS-5 (f) CS-SDBS-10  (g) CS-SDBS-15 

 The surface and cross- sectional (tensile fractured surface) morphology of chitosan membranes with 

various dopant (MSA and SDBS) concentration are shown in Fig. 5 (a – g). The membranes show 

homogeneous and non – porous structure in the morphology without obvious phase separation or cracks. 

This indicates the good compatibility between chitosan and dopants (MSA and SDBS) in the 

membranes. The proton conductivity of the membranes is the result of a complex process dominated by 

the surface and chemical properties of both chitosan and dopants [12]. From the micrographs, it can be 
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seen clearly that surface morphology of the membranes after doping becomes rougher compared to that 

of pristine chitosan membrane. The roughness is more in CS-SDBS membranes than CS-MSA 

membranes, which support the AFM data. The submicron particles of SDBS became increasingly visible 

with increasing content of SDBS in the membrane. The increase in surface roughness in both MSA and 

SDBS doped membranes confirm its higher hydrophilicity, which helps in water absorption and hence 

dissociation of sulfonic acid and proton conduction. 

 

 

Fig. 5 Surface and cross – sectional SEM images of (a) CS (b) CS-MSA-5 (c) CS-MSA-10 (d) CS-

MSA-15 (e) CS-SDBS-5 (f) CS-SDBS-10  (g) CS-SDBS-15 
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3.2 Solvent uptake and stability studies 

 Water and methanol uptakes are two important parameters to be considered for ion transport and fuel 

crossover for proton exchange membranes (PEMs) used in direct methanol fuel cells. It is generally 

accepted that the water uptake property has a profound influence on both mechanical stability and 

proton conductivity of the polymer electrolyte membranes. The presence of water molecules in the 

membrane matrix facilitates the dissociation of functional groups required for high proton conductivity. 

However, an excessive water uptake in PEM leads to unacceptable dimensional change when used in 

fuel cell assembly [38]. The water and methanol uptake for different membranes were measured, and 

relevant data in the form of bar charts and plots are presented in Fig. 6 (a-e). The functional and 

hydrophilic characteristics of the membranes were significantly increased with MSA and SDBS content 

which is attributed to the increase in charge density due to the presence of sulfonic acid group. The 

water uptake of pristine chitosan membrane (CS) at room temperature was 38.5%, but as the doping 

level of MSA and SDBS increase the water uptake is also increased. The maximum of 88.5% and 71.4% 

water uptakes were observed at room temperature for CS-MSA-15 and CS-SDBS-15 membranes 

respectively. The presence of increased number of functional group (-SO3H) increases hydrogen 

bonding through water molecules accommodated in the space between adjacent polymer chains leading 

to higher water uptake in the doped membranes [39]. In CS-SDBS membranes, the presence of aromatic 

rings in SDBS makes the polymer structure strong however, its lower number of functional group (-

SO3H) reduces water uptake compared to MSA doped membranes.  

 Besides water uptake characteristics, methanol uptake is also another important property to determine 

the quality of PEM, especially for direct methanol fuel cell (DMFC) applications. Less methanol uptake 

is necessary for a PEM to reduce the fuel loss and increase the efficiency of DMFC. CS-MSA and CS-

SDBS membranes exhibit low methanol uptake compared to water uptake and the value decreases with 

increase in methanol concentration, which reveals the higher water uptake, but lower methanol 

selectivity of these membranes. It is observed from the Fig. 6c that the methanol uptake of CS-MSA 

membranes was lower than that of CS-SDBS membranes, which may be due to the reduction in inter 

chain space in the presence of MSA compared to SDBS [40]. 
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Fig. 6 Water uptake of (a) CS-MSA and (b) CS-SDBS membranes at three different temperatures, (c) 

comparison of methanol uptake in CS-MSA and CS- SDBS membranes at RT, methanol uptake of (d) 

CS-MSA and (e) CS-SDBS membranes at three different temperatures 

 The effect of temperature on solvent uptake ability of the prepared membranes was performed to 

study its performance at elevated temperatures, water and methanol (1M) uptake of all the membranes 

increased with temperature (Fig. 6d-e). This variation was attributed to the increased chain motion due 
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to thermal excitation and hence increases in free volume and easy penetration of the solvent molecule 

into the swelled polymer matrix. The water and methanol uptake of the developed membranes at room 

temperature were similar to that of Nafion-117 membrane reported elsewhere [38,41]. 

3.3 Ion Exchange Capacity (IEC) 

 Ion exchange capacity (IEC) is the key parameter for the performance of a proton exchange 

membrane and mainly depends upon the population of ionizable hydrophilic functionalities present in 

the polymer matrix and hence is responsible for proton conduction. Table 1 presents the IEC values of 

the MSA and SDBS doped membranes. IEC values of the membranes increase with increase in the 

content of MSA and SDBS resulting in increased concentration of more H
+
 ions attached to the material. 

These protons are pushing other cations from the system into the membrane – water solution thereby 

increasing the cation exchange capacity [14]. The highest IEC value was found to be 0.35 mmol/g, 

observed for the CS-MSA-15 membrane. The sulfonic acid groups provide channels inside the polymer 

matrix thereby making the membrane more hydrophilic in nature, which in turn provides the passage of 

counter ion through the membrane resulting in a gradual increase of proton conduction. This is reflected 

in Fig. 5 (a – b), when water uptake increases with the amount of dopant used and ion exchange capacity 

increases with water uptake capacity. 

Table. 1 RMS roughness and IEC of CS-MSA and CS-SDBS membranes  

Sample 

designation 
CS 

CS-MSA-

5 

CS-MSA-

10 

CS-MSA-

15 

CS-SDBS-

5 

CS-SDBS-

10 

CS-SDBS-

15 

rms roughness 

(nm) 
4.66 4.94 5.84 7.55 10.6 12.9 17.4 

IEC (mmol/g) 0.16 0.28 0.31 0.35 0.19 0.24 0.27 

 

3.4 Mechanical properties  

 Adequate mechanical strength is required for handling of these membranes. The mechanical property 

of membrane affects the durability of a membrane electrode assembly of a PEMFC [11]. Good 

mechanical properties of polymer electrolyte membranes in anhydrous and hydrous states are one of the 

necessary demands for their practical applications. In a literature, it was reported that chitosan 
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membrane cross-linked with 0.5M H2SO4 possesses the high conductivity and good mechanical 

properties [40]. The same idea was therefore used to prepare membranes containing various dosages of 

MSA and SDBS as dopants. The mechanical stability of CS-MSA and CS-SDBS membranes in dry and 

hydrated states were measured in terms of tensile strength and elongation at break and shown in Fig. 7. 

In comparison with the pristine CS membrane, all doped membranes exhibit significantly increase in 

tensile strength both in dry and hydrated states because of the enhanced coulombic interaction between 

sulfonic acid groups of dopants and amine group of chitosan. In addition, the hydroxyl group of chitosan 

can also form hydrogen bonding with –SO3H groups of dopant and these electrostatic interactions can 

enforce some restriction in the polymer chain mobility as a result an increase in tensile strength and 

decrease in elongation at break of the membranes are observed. With increase in dopant concentration, 

the concentration of interacting groups increases, and strength of membranes increases with decrease in 

elongation at break. However, comparatively more number of reactive –SO3H sites on weight base are 

present in CS-MSA membrane compared to that of CS-SDBS membrane, as a result CS-MSA 

membrane exhibit higher tensile strength than that of CS-SDBS membranes. It is worth mentioning here, 

the tensile strength of CS-MSA and CS-SDBS membranes exhibit higher tensile strength compared to 

standard Nafion membrane (23.6MPa) even at 5 wt% loading [12]. 

 However, all membranes exhibit less tensile strength, but the increase in elongation at break in 

hydrated state compared to the dry state. This may be due to ion dissociation effect in hydrated state i.e., 

SO3
-
…NH3

+
 interaction weakens in the presence of water (H-OH). The presence of free ions facilitates 

the separation of polymer backbone and may result in the decreasing intermolecular force and low 

tensile strength in hydrated conditions [10,39]. The tensile results in both the dry and hydrated states 

undoubtedly showed the prepared membranes are quite strong and adequately flexible material. Thus 

CS-MSA and CS-SDBS membranes have enough flexibility and mechanical strength requirement to be 

appropriate proton exchange membrane for fuel cell application. 
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Fig. 7 (a) Tensile strength and (b) Elongation at break of CS-MSA and CS-SDBS membranes in dry and 

hydrated states 

3.5 Thermal and oxidative stability 

 The thermal stability of doped chitosan membranes with various amounts of MSA and SDBS and 

blank sample (uncross-linked chitosan membrane) was analyzed by TGA as presented in Fig. 8. The 

blank sample is prepared in the same way as CS membrane, without doping and cross linking. The TGA 

result of the blank sample shows only two stages of decomposition. However the CS-MSA and CS-

SDBS membranes exhibit three stages of decomposition. The initial weight loss within 60 - 150°C is 

attributed to the loss of moisture content and weakly bonded solvent molecules with the membranes [14] 

while the second stage weight loss (200 - 260°C) is considered to be due to the decomposition of oxygen 

containing functional groups such as sulfonic acid (from dopant) and sulfuric acid (cross-linker) present 

in the membranes [7,16,42]. The absence of the second stage of decomposition in the blank sample 

confirms the formation of doped and cross-linked structure in CS-MSA and CS-SDBS membranes. The 

third stage of weight loss (260 - 500 °C) is due to the degradation of chitosan backbone chains [15]. The 

major thermal degradation step within 260 - 400°C does not change much with increased addition of 

sulfonic acid. In fact, both doped membranes CS-MSA and CS-SDBS exhibit good thermal stability 

similar to that of undoped CS membrane.   
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Fig. 8 TGA curves of (a) CS-MSA (b) CS-SDBS and DTG of (c) CS-MSA (d) CS-SDBS membranes 

 From the TGA and DTG curves, onset temperatures for different stages of decomposition, final 

residue in weight %, and weight loss (%) at each step of degradation are calculated and summarized in 

Table 2. A complete weight loss is not attained for the prepared membranes even after heating the 

material up to 700°C [43]. All the doped membranes show a residual mass of more than 30 wt% on 

pyrolysis under nitrogen atmosphere indicates the presence of non-volatile carbonaceous elements 

present in the base polymer. Due to doping with MSA and SDBS, there is only marginal improvement 

of thermal stability of neat CS membranes as revealed from plots and table. However it is well above the 

desirable fuel cell operation temperature (≤ 100°C) [44]. 

 To evaluate whether the membranes could withstand the oxidative environment during fuel cell 

operation, the oxidative stability was evaluated by immersing the film in Fenton’s reagent at 80°C for 

1h. The most common degradation mechanism described in the literatures is the attack of polymer chain 

by hydroxyl (OH
.
) and hydroperoxyl (HOO

.
) radicals formed in situ during operation. This leads to the 

reduction of membrane weight due to break down of polymer backbone into small pieces, followed by 
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dissolution in Fenton’s reagent [39-40,45]. All the developed membranes were found to be in an original 

unbroken state with loss of about 2.05 – 3.52 % (Table 2) after oxidative experiment revealing enough 

stability even after doping. In SDBS doped membranes the presence of benzene ring in its structure 

improves its oxidative stability compared to CS-MSA membranes. 

Table 2 TGA and oxidative stability results of chitosan membranes 

Sample 

designation 

Onset temperature of 

degradation (°C) 

Weight loss (%) Residue 

at 700° C 

(wt%) 

Oxidative 

stability 

(wt% loss) First Second Third First Second Third 

Uncrosslinked 

chitosan 
97.48 287.09 - 7.02 34.95 - 30.71 - 

CS 101.69 217.91 275.47 6.8 21.3 42.69 35.87 2.05 

CS- MSA-5 91.37 217.75 275.63 4.81 20.31 41.92 35.76 2.62 

CS- MSA-10 89.04 215.59 274.05 5.29 23.29 43.85 34.03 3.10 

CS- MSA-15 81.64 220.57 275.59 5.51 24.09 43.72 34.02 3.52 

CS-SDBS-5 76.82 217.82 276.48 4.13 21.66 43.50 31.04 2.51 

CS-SDBS-10 91.63 217.92 275.04 5.78 23.36 43.01 34.64 2.92 

CS-SDBS-15 91.22 220.47 276.45 5.64 24.28 44.69 33.66 3.43 

  

3.6 Proton conductivity 

 The proton conductivity of the CS-MSA and CS-SDBS membranes in the dry and hydrated state 

were plotted as a function of temperature as shown in Fig. 9. The linear increase in conductivity with 

temperature observed for all the membranes, which confirms the Arrhenius mechanism of conduction, 

that is, Grothus/hopping of conducting species, most likely H
+ 

ions, between SO3
-
 groups and also NH3

+
. 

It has been suggested that, due to the electrostatic interaction among chitosan, MSA/SDBS, and sulfuric 

acid, resulting in numerous hydroxyl ions OH
- 
, H

+ 
, -NH3

+
 and heteropolyanions, the proton can transfer 

along the ionic and hydrogen bonds through hopping from one functional group to the another [39]. 
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Fig. 9 Arrhenius plot of ionic conductivity of (a) CS-MSA (dry) (b) CS-SDBS (dry) (c) CS-MSA 

(Hydrated) (d) CS-SDBS (Hydrated) membranes 

 The conductive performance of a polymer electrolyte membrane is closely related to its degree of 

hydration [7,27]. After hydration, the proton conductivity of the membranes was found to be higher than 

that in the dry state due to the higher ionic concentration resulting fron dissociation of ionic groups like 

sulfonic acid, as water has high dielectric constant (~ 80) helps in dissociation. The maximum proton 

conductivity observed for CS membrane was 1.04 × 10
-4 

S/cm at 363°K. It is noteworthy that the CS-

SDBS-10 (3.09×10
-4 

S/cm) and CS-MSA-15 (2.18×10
-4

S/cm) membranes show higher proton 

conductivity. The presence of benzene ring in SDBS prevents ion cluster formation because of its rigid 

structure, and this helps in ionic conductivity, as ion cluster formation hampers ionic mobility [21]. 

Hydrophilic hydrogen bonding (SO3…H2O) facilitates the proton transport in hydrated membranes. In 

addition, due to high water uptake, continuous hydrophilic channels can form through chitosan, dopants 

and cross-linking agent which facilitates the proton transfer through vehicular mechanism in the form of 

hydronium ions. Therefore this study suggests that both vehicular and Grotthuss mechanism are 
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responsible for proton conductivity of the doped CS membranes. At higher concentration, the 

association of ion leads to cluster formation and thus there is decrease in the number of charge carriers 

and their mobility resulting in to decrease in ionic conductivity [46].  

 The activation energy is the minimum energy required for proton transport, and low activation 

energy can reduce the energy loss caused by the ionic resistance of the membranes [39]. From the plot 

of log (σ T) versus 1/T, the activation energy was calculated from the slope using the Arrhenius  

equation:  

σ=   (σ0 /T) exp (- Ea/RT) 

Where Ea- activation energy for ionic conduction, σ0- pre-exponential factor, T - absolute temperature 

and R-universal gas constant [47-48]. 

 Table 4 shows the activation energy of CS-MSA and CS-SDBS membranes in dry and hydrated 

condition. In the hydrated state, there is an increase in the density of ions and hence decrease in energy 

barrier to the proton transport leads to the decrease in activation energy [47]. These activation energy 

values are comparable with those reported earlier. It is noteworthy that the activation energy (Ea) of 

conduction for CS-MSA-5 and CS-SDBS-5 membranes are quite low and values are comparable to that 

of Nafion – 117 membrane for which Ea value is 5.45 KJ/mol [38].  

Table 4 Activation energy of different membranes 

Sample designation CS 
CS-

MSA-5 

CS-

MSA-10 

CS-

MSA-15 

CS-

SDBS-5 

CS-

SDBS-10 

CS-

SDBS-15 

Ea 

(KJ/mol) 

Dry 34.10 38.20 30.80 27.4 18.70 13.20 37.60 

Hydrated 11.60 5.24 11.10 17.30 5.09 10.80 13.20 

 

 The effect of frequency on conductivity of CS, CS-MSA-15 and CS-SDBS-10 membranes in  

hydrated state at different temperatures are illustrated in Fig. 10. From the figure, it can be observed that 

the conductivity of hydrated membranes gradually increases with increase in frequency up to around 10
4 

Hz followed by sharp increase up to 10
6 

Hz especially at high temperatures.  
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Fig. 10 Frequency versus ionic conductivity of (a) CS (b) CS-MSA-15 (c) CS-SDBS-10 in dry state and 

(d) CS (e) CS-MSA-15 (f) CS-SDBS-10 membranes in hydrated state at various temperatures  

 The high conductivity value at high frequencies are mainly due to the fact σAC= σDC +2πfε'' where, 

σAC is the conductivity under alternating field, σDC (under steady state potential) is mainly due to ionic 

conductivity and the second part 2πfε'' is mainly due to polarization process that is, restricted movement 

of bound charges like dipoles, (the present systems are highly polar). The contribution of second part 
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increases with increase in frequency till there is time lag between dipolar movement and reversal of 

alternating electric field. The CS doped with MSA and SDBS increases the conductivity and operating 

temperature range up to 100°C than neat CS membrane (undoped) whose maximum useable temperature 

limit is 80°C. The best conductivity results were obtained for CS-MSA-15 (2.86×10
-4 

S/cm) and CS-

SDBS-10 (4.67×10
-4 

S/cm). As the temperature increases up to 100°C, the degree of ionic dissociation 

and re-association of the ion to aggregates increases resulting in the increased number of free ions or 

charge carrier concentration in the system and hence there is an increase in conductivity [15]. 

 The Nyquist plots (real and imaginary components of complex impedance) of CS, CS-MSA-15 

and CS-SDBS-10 membranes under hydrated state in the frequency range of 1 – 10
6 

Hz at various 

temperatures are presented in Fig. 11 (a-c). High frequency is shown at the left of the Nyquist plot and 

the low frequency is towards the right. The impedance response of all the prepared membranes exhibits 

an incomplete semi-circle like curve indicating that the charge transfer mechanism involves both 

resistance and capacitance effects. According to literature, semicircle – like impedance response can be 

simulated by an equivalent circuit consisting ideally of parallel combination of resistance and 

capacitance arrangement. In this study, the ZSimpwin software was used to fit the experimental data to 

theoretically derived equivalent circuit model. Fig. 11 (d) shows the equivalent circuit and parameters 

after data fit in the circuit are given in Table 5. In the circuit, RB is the bulk resistance of the membrane, 

RA the charge transfer resistance at electrode interface and CPE (constant phase element), which is 

associated with surface roughness of the membranes or non-uniform current distribution. The behavior 

of the Nyquist plot obtained is in good agreement with that of SPEEK membrane reported by Mondel et 

al [49]. From the Table 5, it is observed that RB value decreases with increase in temperature, which 

indicates increase in conductivity with temperature (Fig. 10 d-f).  
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Fig. 11 Nyquist plots of (a) CS (b) CS-MSA-15 (c) CS-SDBS-10 in hydrated state at various 

temperatures and (d) equivalent circuit model   

Table 5 Extracted parameters by fitting the impedance data to the equivalent circuit for different 

compositions at various temperatures 

Sample 

designation 

Temperature 

(°C) 
RA (Ω) CPE (F) RB (Ω) 

CS 

40 8.6 4.09×10
-7 

169.6 

80 30.64 1.10×10
-6

 45.78 

100 22.94 1.58×10
-6

 49.11 

CS-MSA-15 

40 1.76 1.48×10
-7

 155.8 

80 3.21 1.0×10
-6

 34.21 

100 3.62 8.83×10
-6

 21.13 

CS-SDBS-10 

40 4.61 7.7×10
-7

 95.85 

80 2.05 1.81×10
-6

 29.30 

100 2.07 1.23×10
-5

 20.46 

 

3.7 Cyclic voltammetry 

 Cyclic voltammetry was used for analyzing the current – voltage response of the prepared 

membranes. Good electrical resistance is one of the necessary demands for the membranes to be used in 
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PEMFC applications. Fig. 12 presents the current - voltage (I-V) hysteresis curves of the prepared 

membranes at a scan rate of 20mV/sec over the potential range from -0.2 to 6.0 V. The very linear 

increase in current with applied voltage with very low hysteresis in the voltagram indicates the ohmic 

nature of the CS-MSA and CS-SDBS membranes. It is observed that the current density of the 

membranes decreases with increase in the content of MSA and SDBS up to 10 and 5 wt % loading 

respectively. The current density generally reflects the energy storage ability of the system; [50] the 

lower energy storage ability observed indicate the better electrical resistance of membranes under an 

electric field. 

  

Fig. 12 I-V hysteresis curves of (a) CS-MSA and (b) CS-SDBS membranes 

4.0 Summary and Conclusion    

 In summary, we developed sulfonic acid (MSA and SDBS) doped cross-linked chitosan membranes 

by solution casting method for PEMFC applications. The interaction among chitosan, dopants and cross 

linking agent are confirmed by FTIR and UV – visible spectroscopy. The doped sulfonic groups in 

chitosan improve the surface roughness of the membranes. All the doped membranes exhibit good 

flexibility and mechanical strength requirement both in dry and hydrated states. The water uptake and 

IEC of CS-MSA and CS-SDBS membranes increase as the loading of sulfonic acid dopant increases. 

Moreover, all the developed membranes revealing enough oxidative stability and thermal stability up to 

260°C. The CS-SDBS-10 and CS-MSA-15 membranes show the best conductivity at high temperature 

(100°C) under the hydrated state. The incorporation of dopant within chitosan matrix significantly 
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improves the electrical resistance of developed membranes up to 10 wt% and 5wt% loading of MSA and 

SDBS respectively.  

 CS-MSA and CS-SDBS membranes exhibit better mechanical, thermal and hydrolytic stability which 

is comparable to standard Nafion membranes. However these membranes exhibit lower conductivity 

compared to Nafion membranes. But these membranes are derived from natural and biodegradable 

polymer, and these eco – friendly materials are more cost effective compared to Nafion.  
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Highlights 

 Cost – effective and eco-friendly membranes 

 First ever reported MSA - Sulphuric acid and SDBS – Sulfuric acid combination in Chitosan 

based PEMs  

 Better flexibility, oxidative and thermal stability, improved proton exchange capacity and 

conductivity up to 100°C 

 Decreased methanol uptake at higher methanol concentration ensures better methanol barrier 

property 

  CS-SDBS-10 followed by CS-MSA-15 shows highest proton conductivity at higher temperature 

in hydrated conditions 
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