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Ionic liquid/sulphonated poly(ether ether ketone) composite membranes were prepared using following ionic liquids: 

1,2,3-trimethylimidazolium dimethylphosphate, 1-hexyl-3-methylimidazolium dimethylphosphate, 1-dodecyl-3-

methylimidazolium dimethylphosphate. For each ionic liquid/polymer pair 4 composite membranes were prepared with 

10 wt.%, 20 wt.%, 30 wt.%, 40 wt.% ionic liquid content. Membranes were analyzed using strain-stress testing at various 

elevated temperatures up to 150 °C. Impact of temperature, ionic liquid content in membrane and structure of ionic liquids 

on mechanical properties of composite membrane were evaluated. It was found that temperature and ionic liquid content 

had highest impact on mechanical properties of composite membranes. 
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1. INTRODUCTION 

The topic of clean energy and diversification of its 

sources is only going to increase in importance considering 

current knowledge about human impact on climate change 

[1]. In near future fuel cells (FCs) may play important role 

in this regard. FCs are electrochemical devices that are able 

to convert chemical energy from various fuels to electrical 

energy. If hydrogen is used as a fuel, which is most often the 

case, no harmful emissions are created during operation of 

FC [2]. There are several types of FCs, suitable for various 

workloads. Proton exchange membrane fuel cells 

(PEMFCs) are among the most researched FCs due to their 

properties that fit the need of automotive as well as other 

industries: i) safety – electrolyte in PEMFCs is in solid state, 

ii) simpler structure due to relatively low operating 

temperature of PEMFCs (below 200 °C), iii) quick startup 

time [2 – 4]. 

Currently perfluorocarbon-based polymer  

(e.g. Nafion®) is the electrolyte material of choice in 

commercial PEMFCs. However, it has several major 

drawbacks such as low conductivity at low humidity levels 

and high cost [3, 4]. Amongst proposed alternatives, 

sulfonated poly(ether ether ketone) (SPEEK) stands out 

since it have simple preparation procedure, and good 

thermal and chemical stability [4]. Both SPEEK as well as 

Nafion structures contain groups of sulphonic acid. In the 

hydrated state clusters of water molecules are formed 

around these groups, which in turn form proton conducting 

channels [5, 6]. The consequence is that pristine SPEEK is 

a dielectric at dehydrated state [7] and isn't suitable for use 

in high temperature (HT) PEMFCs. Operating PEMFCs in 

HT range (100 – 200 °C) have several advantages: higher 

tolerance to impurities in fuel, simpler heat management 

system, use of cheaper catalysts [7, 8]. Extensive research 

has been carried out on various PEM materials and their 
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composites that would enable HT and/or anhydrous 

operation of PEMFC. This includes modifying polymers by 

crosslinking, blending, addition of inorganic oxides, clays, 

acids [2, 6, 9, 10], ionic liquids (ILs) [11 – 13]. ILs are low 

melting salts with many useful properties such as high ionic 

conductivity, low vapor pressure and synthetic flexibility, 

meaning that their structure (and thus properties) can be 

easily "adjusted" to fit many different use cases [14]. 

Thereby ILs are good candidates for substituting water as an 

essential component for proton conducting in HT PEMFCs 

in anhydrous conditions. Several key properties have been 

successfully improved by incorporating ILs in SPEEK 

membranes, including thermal stability and proton 

conductivity [11, 15]. IL/SPEEK composites are also 

paving the way to a new types of composite membranes by 

including additional components in addition to ILs, and 

opening wide variety of possibilities for further 

enhancement of PEM properties [13]. However, it is well 

known that ILs have plasticizer effect when incorporated in 

polymer matrix [16]. It is an undesirable trait for PEM and 

leads to degradation of the mechanical properties 

[2, 17, 18]. In this study our aim was to test selection of 

composite membranes containing various ILs with different 

concentrations in a wide range of elevated temperatures and 

to observe the effect that these parameters have on the 

mechanical properties of composite membrane. 

2. EXPERIMENTAL DETAILS 

SPEEK (Fig. 1) was synthesized using following 

procedure. PEEK (Sigma-Aldrich) in pellet form was 

dissolved in concentrated sulfuric acid (95 – 97 %, Sigma-

Aldrich) and after reaction time for 5 h at 60 °C the solution 

was poured into an excess of ice cold deionized water. The 

resulting precipitate was washed with deionized water until 

value of pH reached 7 and dried in an oven at 60 °C for 24 h 
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and at 100 °C for 24 h. Titration method [19] was used for 

determination of the degree of sulfonation (DS) of SPEEK. 

DS was determined to be equal to 0.8. 

3 different ILs (Fig. 1) were synthesized in-house by 

following methodology described elsewhere [20]. ILs then 

were used for preparation of composite membranes. In 

general, 0.5 g of SPEEK was dissolved in 20 mL 

dimethylformamide. Appropriate amount of IL was added. 

Mixture was stirred for 1 h at 100 °C, then cast onto Petri 

dish and dried for 24 h at 80 °C to remove the solvent. 

Resulting membrane was peeled off and stored in closed 

plastic bag. 4 different composite membranes were prepared 

with IL content of 10 to 40 wt.% in 10 % increments for 

each IL, as well as pristine SPEEK reference membrane. 

Mechanical properties were determined by strain-stress 

testing using Tinius Olsen 25ST universal testing machine. 

This particular instrument was equiped with an 

environmental chamber, allowing measurements at elevated 

temperatures. For each type of membrane at least 5 parallel 

samples with 5 mm width and 50 mm length were prepared 

and tested at several different temperatures in a range of 30 

to 150 °C in increments of 30 degrees, and their thickness 

was measured before testing. Crosshead moving speed was 

set to 10 mm/min. Following parameters were assessed: the 

elastic modulus E and the yield strain εy. Elastic modulus E 

was computed from the slope of the linear initial part of the 

strain-stress plot. Yield strain was determined from 

appropriate point in the strain-stress plot. 

Formulas for all components used are shown in Fig. 1. 
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Fig. 1. Chemical structures of composite membrane components: 

a – sulfonated poly(ether ether ketone) (SPEEK);  

b – 1,2,3-dimethylimidazolium dimethylphosphate 

([MMMIm][Me2PO4]); c – 1-hexyl-3-methylimidazolium 

dimethylphosphate ([HMIm][Me2PO4]);  

d – 1-dodecyl-3-methylimidazolium dimethylphosphate 

([DDMIm][Me2PO4]) 

3. RESULTS AND DISCUSSION 

In 2011 U.S. Department of Energy have set a guideline 

of 120 °C and 50 % relative humidity as target operating 

conditions of PEM in automotive applications [3]. Nafion 

membrane at these conditions becomes soft and not suitable 

for its task [21 – 23]. It should be taken into account that our 

experiments were done in room atmosphere, that is, around 

50 % relative humidity (at room temperature), thus some 

absorbed water in the tested membranes are to be expected. 

Experimental values of elastic modulus for all prepared 

membranes are shown in Fig. 2. At 150 °C all membranes, 

including the pristine SPEEK membrane, have lost their 

structural strength, meaning that after start of the 

experiment, plastic deformation stage begins almost 

immediately. Thus the temperature of 120 °C can be 

considered an upper limit at which some of these samples 

retain mechanical strength suitable for use in pressurized 

environment. If we assume that sufficient value of elastic 

modulus for these membranes should be around 100 MPa 

(Fig. 2., dashed red line), then upper limit of IL content for 

each type of composite membrane at particular temperature 

can be determined.  In worst case scenario for 

[MMMIm][Me2PO4]/SPEEK composite membrane at 

120 °C this limit is 0 wt.% IL content (Fig. 2 a) – that is, this 

particular composite membrane is not suitable for operation 

at 120 °C. 

 

a 

 

b 

 

c 

Fig. 2. Elastic modulus depending on IL content at various 

temperatures for: a – [MMMIm][Me2PO4]/SPEEK; 

b – [HMIm][Me2PO4]/SPEEK; c – [DDMIm][Me2PO4]/SPEEK 

composites 
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Between different IL composites certain patterns of 

differences can be seen. As the length of carbon chain in IL 

increases from 1 C atom in [MMMIm][Me2PO4] to 12 C 

atoms in [DDMIm][Me2PO4], rate at which E value 

decreases when raising IL content is increasing. This can be 

explained by the intensification of plasticizer effect of ILs 

as their molecular size grows with increasing carbon chain 

length. 

Presence of [DDMIm][Me2PO4] (the green line in 

Fig. 3) seem to have more positive impact on elastic 

modulus at lower IL content while the opposite is true at 

higher content of this IL. 

This is similar to a lesser extent with [HMIm][Me2PO4]. 

In other words, as the size of IL molecular structure 

increases, influence of IL content seems to overcome the 

influence of temperature, confirming that increasing carbon 

chain length correlates with increased plasticizer effect on 

an IL in IL/SPEEK composite membrane. 

The progression of shape of strain-stress curves when 

increasing IL content can be observed in Fig. 4. 

 

Fig. 4. Typical stress-strain curves for IL/SPEEK composites at 

90 °C 

  
a b 

  
c d 

Fig. 3. Elastic modulus depending on temperature for IL content: a – 10 wt.%; b – 20 wt.%; c – 30 wt.%; d – 40 wt.% 

 
 

 

a b c 

Fig. 5. Yield strain εy as a function of IL content at various temperatures for SPEEK-IL composite membranes containing: 

a – [MMMIm][Me2PO4]; b – [HMIm][Me2PO4]; c – [DDMIm][Me2PO4] 
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The characteristic neck-forming during deformation in 

case of SPEEK membrane points out the partially crystallic 

nature of this sample. As IL content is increased to 40 wt.%, 

plastic deformation becomes dominant, due to weakening of 

interaction forces between individual SPEEK polymer 

chains. 

Since the membrane in PEMFC is under constant 

pressure changes in dimensional stability of PEM during 

operation of FC are possible – but undesirable, as the risk of 

mechanical damage to the membrane increases. Yield strain 

(εy) was determined from stress-strain curves and it shows 

degree of elongation at yield stress – after this point material 

undergoes irreversible deformation. Yield strain depending 

on IL content at various temperatures is shown in Fig. 5. It 

was determined that up until 120 °C yield strain remained in 

a range of about 10 – 15 % for all samples meaning that 

degree of dimensional deformation at these conditions is 

rather low at this temperature range for tested samples. An 

exception to this observation was composite containing an 

IL with longest attached carbon chain – 

[DDMIm][Me2PO4], as it showed increased deformation 

starting at 90 °C. 

4. CONCLUSIONS 

Membranes synthesized in this work were found to be 

suitable for operation at up to 120 °C for some composites. 

While not usable in the entire HT PEMFC range the tested 

composite membranes show some promise. Results show 

that the structure of IL has impact on the mechanical 

properties of the membranes, with [DDMIm][Me2PO4] 

having the most pronounced plasticizer effect due to its 

molecular size. It was found that strain values in the 

previously determined useable operating temperature range 

were confined to approx 10 – 20 %. 
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