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                   Introduction 
 Polymer electrolyte fuel cells (PEFCs)  1   are an important class 

of fuel cells because their characteristics, such as high power 

density, low operation temperature, short startup time, small 

size, and light weight, make them promising candidates for 

use in domestic and vehicle power sources. However, their high 

production cost is the most serious bottleneck for wide applica-

tion and commercialization. Therefore, the main goal of recent 

studies on PEFCs has been the reduction of cost.  2 – 4   One solu-

tion is operating PEFCs under high temperatures (>100°C) 

without humidifi cation. The expected benefi ts of such a system 

are that a water management system is not required, and high 

utilization of waste heat, easy thermal control by a radiator, 

reduction of CO poisoning, and improvement of activity of 

a Pt catalyst are realized.  5   In a conventional humidifi ed PEFC 

system, a polymer electrolyte membrane, such as Nafi on, has 

sulfonic acid groups in its chemical structure. By absorbing 

water, the sulfonic acid groups can dissociate, and the resultant 

hydronium cations conduct protons.  6   Therefore, conventional 

PEFCs should usually be operated at temperatures lower than 

80°C with humidifi cation to keep water inside the membranes. 

In order to develop non-humidifi ed intermediate-temperature 

fuel cells, new anhydrous proton conductors should be explored 

as an alternative to aqueous systems. 

 Ionic liquids (ILs) are molten salts that exhibit melting 

temperatures ( Tm ) at around room temperature (also see the 

Introductory article in this issue).  7 – 9   Typical ILs (e.g., 1-methyl-3-

ethylimidazolium bis(trifl uoromethanesulfone)imide ([C 2 mim]

[NTf 2 ] or [C 2 mim][TFSI])) exhibit high thermal stability 

(>300°C), negligible vapor pressure, and nonfl ammability.  10 

Additionally, ILs can self-dissociate,  11   thus exhibiting high ionic 

conductivity even in the absence of a molecular solvent, 

which may interfere with the advantages of ILs (e.g., ther-

mal stability).  12   These unique characteristics are desirable 

for electrolytes in electrochemical devices such as lithium 

batteries, electric double layer capacitors, and dye sensi-

tized solar cells, since such devices should be safer and more 

stable (see the Navarra article in this issue).  13 – 16 

 ILs can be categorized into two groups: Typical ILs, such as 

[C 2 mim][NTf 2 ], are generally synthesized by the quaternization 

(alkylation) of the corresponding amine, followed by an anion 

exchange reaction (  Scheme 1  a). Such ILs have no exchangeable 

protons (i.e., no active protons) in their chemical structure and 

are thus called aprotic ionic liquids (AILs). On the other hand, 

ILs that are typically synthesized by the neutralization reactions 

of a Brønsted acid (proton donor) and a Brønsted base (proton 

acceptor) ( Scheme 1b ) have exchangeable (active) protons and 

are called protic ionic liquids (PILs).  17   PILs generally show simi-

lar characteristics to AILs. However, the active protons induce 

hydrogen bonding in PILs, which allows for unique applications. 

The Angell group and other research groups have reported the 

preservation of proteins in PILs.  18 , 19   According to their reports, 
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hydrogen bonding prevents the denaturation of proteins and 

maintains their higher-order structure. Formation of micelles 

in ethylammonium nitrate has also been reported.  20 – 23       

 We have focused on the active protons in PILs and have 

tried to employ them as proton conductors for non-humidifying 

intermediate-temperature fuel cells. Following our report on 

the activity of PILs on fuel cell electrode reactions, several 

groups have started their studies in this fi eld as well.   

 Water-like properties  
 Proton transport properties 
 Proton conductivity is an essential property of electrolytes 

for fuel cells. Two proton conduction mechanisms have been 

proposed. In acidic aqueous solutions (typical proton conduc-

tors), protons exist as hydronium cations. Thus, the diffusion of 

protons is achieved by the diffusion of hydronium cations. This 

mechanism is called the vehicle mechanism. On the other hand, 

protons can also move by hopping through a hydrogen-bonded 

network formed by hydronium cations and water molecules. 

This mechanism is called the Grotthuss mechanism.  24     Figure 1   

depicts these two proton conduction mechanisms.  25   It is known 

that proton movement can be faster in the Grotthuss mecha-

nism than in the vehicle mechanism, and the former mecha-

nism works when the proton donor and acceptor coexist and 

form strong hydrogen bonding networks. Kreuer and co-workers 

have investigated the transport properties of aqueous HCl,  26 , 27   

and   Figure 2   shows the diffusion coeffi cients of water and 

protons as a function of HCl concentration. The difference 

between the diffusion coeffi cients of protons ( D   σ  ) and water 

 ( )
2H OD    corresponds to the contribution of proton conduction 

by the Grotthuss mechanism, and it was found that this contri-

bution decreases with increasing acid concentration.         

 We investigated the transport properties of mixtures of 

imidazole (Im) and bis(trifl uoromethane sulfone)imide acid 

(HNTf 2  or HTFSI).  28   Among the mixtures of acid and base, 

1:1 salts can be PILs. On the other hand, ordinary acidic aqueous 

solutions are mixtures containing excess water 

(base). Here, in order to make a comparison 

investigation on the mixtures of Im and TFSI 

with various compositions is shown. When the 

difference between the acid dissociation con-

stants (p K  a ) of a Brønsted acid and a Brønsted 

base ( Δ p K  a ) is suffi ciently high, we can assume 

that Im is completely protonated to imidazolium 

cation ([Im]) in a 1:1 salt (molar ratio). However, 

ionic conductivity reaches a maximum when 

the molar ratio of Im is 0.8−0.9 (  Figure 3  ). 

  Table I   lists the diffusion coeffi cients deter-

mined by pulsed gradient spin-echo nuclear 

magnetic resonance (NMR) techniques.  28   It was 

revealed that the diffusion coeffi cient of the N–H 

proton ( D  N–H ) is greater than that of the C–H 

( D  C–H ) proton in compositions with excess Im. 

This difference corresponds to the contribution 

of the Grotthuss mechanism. On the other hand, 

in the case of compositions with excess HNTf 2 , 

the values of  D  C–H  and  D  N–H  are low and identi-

cal. This result indicates that the proton conduc-

tion mainly occurs by the vehicle mechanism in 

compositions with excess HNTf 2 . The Grotthuss 

mechanism contributes to proton conduction for 

compositions with excess Im, where [Im] and Im 

are hydrogen-bonded together and serving as 

a proton donor and acceptor, respectively. How-

ever, such base-rich compositions are not pref-

erable because of their poor thermal stability.           

 Electrochemical activities 
 Another important property of fuel cell elec-

trolytes is the activity of fuel cell electrode 

reactions (i.e., the hydrogen oxidation reaction 

[HOR] and oxygen reduction reaction [ORR]). 

  Figure 4   shows polarization curves for ORR in 

  

 Scheme 1.      Typical synthetic routes for ionic liquid. Aprotic ionic liquids are synthesized 

by quaternization reaction (alkylation) of imidazole (or amine), followed by anion exchange 

reaction (a), while protic ionic liquids are synthesized by neutralization reaction between the 

Brønsted acid and base (b). Note: TFSI, bis(trifl uoromethanesulfonyl)imide.    

  

 Figure 1.      Illustration of proton conduction in acidic aqueous solutions and in protic ionic 

liquids. The men represent water or base, while the balls represent protons.  25      
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a 0.1 M perchloric acid (HClO 4 ) aqueous solution with a single 

crystal surface (111) of different metal-wire working electrodes 

under oxygen.  29   As can be seen from this fi gure, reductive cur-

rents corresponding to ORR are observed under O 2 . The reason 

for the onset potential of ORR being lower than the theoretical 

value (1.23 V versus reversible hydrogen electrode at 25°C) even 

in the case of Pt/Pd(111), which shows the highest activity among 

these three electrodes, is oxide formation on the metal surface, 

in addition to the slow kinetics of ORR. For ORR, “protonated 

water” (hydronium cation) is considered to play an important 

role, suggesting that the reactivity of the protonated base is a 

key point in electrode reactions of non-aqueous systems.     

 Fortunately, for the fi rst time, we could fi nd faradaic current 

corresponding to the fuel cell electrode reactions in 1:1 salt of 

[Im][NTf 2 ] at 130°C under anhydrous conditions (  Figure 5  ),  30   

although both HOR and ORR were sluggish. From this result, 

we claimed that PILs can be employed as non-aqueous proton 

conductors for fuel cells, and this has facilitated ongoing 

research on non-humidifi ed intermediate-temperature fuel cells 

using PILs. Plausi ble electrode reactions 

in PILs are shown in   Scheme 2  .            

 Properties diff erent from those 
of water 
 Proton conductivity and activity of fuel 

cell electrode reactions of PILs appear to 

be somewhat analogous to those of acidic 

aqueous systems. On the other hand, the 

wide variety of molecular designs for 

realizing favorable fuel cell elec trolytes 

is a unique and promising fea ture of PILs. 

So far, many research groups have studied 

a number of different AILs and have 

tried to correlate their physicochemical 

properties with chemical structures.  11 , 31 – 37   In the case of PILs, 

one of the most important parameters defi ning the physico-

chemical properties is  Δ p K  a , since  Δ p K  a  directly affects the 

acid-base equilibrium. Angell and co-workers  38   reported that 

the thermal stability of PILs increases with increasing  Δ p K  a , and 

Dai et al. reported that PILs prepared from an organic strong 

base, 1,5-diazabicyclo[4.3.0]non-5-ene, and a superacid exhibit 

extremely high thermal stability comparable to that of [C 2 mim]

[NTf 2 ]. 
 39   Angell and co-workers also found the optimum  Δ p K  a  

of PILs in terms of the magnitude of open circuit voltage (OCV) 

of H 2 /O 2  fuel cells. We confi rmed the relationship between the 

physicochemical properties and  Δ p K  a , and concluded that a 

 Δ p K  a  value higher than 15 is essential for obtaining suffi cient 

thermal stability of PILs.  40   The OCV of H 2 /O 2  fuel cells exhibited 

a maximum at  Δ p K  a  = 16−18. Therefore, PILs with  Δ p K  a  = 16−18 

can be expected to be suitable for fuel cell applications.  41   

  

 Figure 2.      Diffusion coeffi cient of protons ( D   σ  ) and water 

self-diffusion coeffi cient ( 
H O2

D   ) in aqueous HCl as a function 

of acid concentration ( M ). The deviation between  D   σ   and  
H O2

D    

corresponds to proton diffusion by the Grotthuss mechanism, 

while  
H O2

D    corresponds to that by the vehicle mechanism. The 

contribution by the Grotthuss mechanism for proton diffusion 

decreases when increasing the acid concentration.  25   Note: 

 D , diffusion coeffi cient.    
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 Figure 3.      Ionic conductivity ( σ ) of Im/HNTf 2  (HTFSI) mixtures 

as a function of molar fraction of imidazole (Im).  σ  shows 

peaks at 0.8 ∼ 0.9 of molar fraction of Im.  28   Note: HNTf 2 , 

bis(trifl uoromethane sulfone)imide acid.    

 Table I.      Diffusion coeffi cients of protons and fl uorine in imidazole/
bis(trifl uoromethanesulfonyl)amide acid (Im/HNTf 2 ) mixtures.  

Im/HNTf 2    D /10 –7  cm  2   s –1  

 D  C–H   D  N–H  D  C–F  2H–HNTfD
    

8/2  5.7 6.3 3.7 – 

7/3 3.8 4.1 2.5 – 

3/7 1.2 1.2 1.3 1.4 

2/8 1.4 1.7 1.7 1.9  

     D  N–H  and  D  C–H  indicate diffusion coeffi cients of N–H and C–H protons of Im and imidazolium cation 
([Im]) (indistinguishable by nuclear magnetic resonance [NMR]), and  D  C–F  and  

2H–HNTfD    indicate the 

diffusion coeffi cients of fl uorine and protons of HNTf 2  and [NTf 2 ] (indistinguishable by NMR), 

respectively. Note:  D , diffusion coeffi cient.    
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 Through the screening of more than 100 different PILs, it has 

been found that diethylmethylammonium trifl uoromethanesul-

fonate ([dema][TfO]) exhibits a low melting point ( T  m  = −6°C), 

wide liquid temperature range (decomposition temperature 

 T  d  = 360°C), and high ionic conductivity (55 mS cm −1  at 150°C 

under anhydrous conditions) (  Figure 6  a).  42   Proton transport in 

the bulk fundamentally occurs through the vehicle mechanism. 

Importantly, a H 2 /O 2  fuel cell using [dema][TfO] at 150°C 

reaches an OCV of 1.03 V, which indicates facile HOR and 

ORR reactions that cannot be achieved in aqueous systems 

( Figure 6b ).       

 Fuel cells using PILs  
 Membrane fabrication 
 In order to apply PILs to practical fuel cells, fabrication of 

solid thin fi lms containing electrolytes is essential. We have 

reported several solidifi cation methods for ILs.  43 – 46   However, 

the requirements for fuel cell electrolyte membranes, such as 

high mechanical strength, good gas barrier properties, and high 

thermal, chemical, and electrochemical stability, are diffi cult to 

attain, and thus the choice in terms of the solidifi cation methods 

is limited. We found that sulfonated polyimide (SPI) in ammo-

nium form shows good compatibility with [dema][TfO] and 

yields fl exible and mechanically strong composite membranes 

upon casting from a  m -cresol solution, includ-

ing proper amounts of SPI and [dema][TfO].  46   

Interestingly, it was found that the compatibility 

of SPI with [dema][TfO] increases with an in-

crease in ion exchange capacity (IEC), and thus 

the SPI with an IEC of 2.15 meq g −1  (  Figure 7  a) 

can retain an amount of [dema][TfO] in terms of 

weight that is four times higher than the weight 

of SPI.  47    Figure 7b  shows the ionic conductiv-

ity of composite membranes under anhydrous 

conditions, which increases with increasing 

[dema][TfO] content. While composite mem-

branes with [dema][TfO] content lower than 

50 wt% exhibit a large temperature dependence 

of ionic conductivity, this dependence becomes 

relatively low, with [dema][TfO] content higher 

than 67 wt%. To achieve higher ionic conduc-

tivity, the effect of the chemical structure of SPI 

was investigated.  48   It was found that the com-

posite membranes (50 wt% of [dema][TfO] 

and IEC of 1.2−1.4 meq g −1 ) prepared from SPI 

with a pendant sulfoalkyl side chain and multi-

block SPI exhibited higher ionic conductivity 

at a lower temperature (6.9 × 10 –6  S cm −1  and 

1.2 × 10 –5  S cm −1  at 40°C, respectively) than 

those based on random main-chain SPI (1.7 × 

10 –6  S cm −1  at 40°C). Atomic force micro-

scope phase images revealed highly devel-

oped phase separation between ionic and 

nonionic moieties.  48   Thus, we assume that 

the conductivity difference, depending on the 

  

 Figure 4.      Polarization curves of oxygen reduction reaction 

(ORR) measured in a 0.1 M HClO 4  using different working 

electrodes (Pd(111), Pt(111), and Pt/Pd(111)) for a comparison 

of solution kinetics. The sweep rate for Pd(111) and Pt/Pd(111) 

is 20 mV/s, while for Pt(111) it is 50 mV/s.  29   Though Pt/Pd(111) 

shows the best activity on ORR among the three electrodes, 

the onset potential for ORR is lower than 1.0 V. Note: 

 j , current density;  E , potential versus RHE (reversible 

hydrogen electrode).    
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 Figure 5.      Cyclic voltammograms measured in [Im][NTf 2 ] (imidazole/ bis(trifl uoromethane-

sulfonyl)amide acid) using a Pt wire working electrode at 130°C under H 2 , O 2 , or Ar 

at saturated conditions. Inset depicts the structure of a three electrode cell used 

for the measurements.  28   Note: C.E., counter electrode; W.E., working electrode; 

R.E., reference electrode;  E , potential versus RHE; RHE, reversible hydrogen 

electrode.    
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chemical structure, can be explained by the connectivity of 

ion-conducting channels in the composite membranes. There 

will still be room for fi nding a suitable chemical structure for 

SPI as a matrix polymer.     

 Interestingly, the  T  m  of [dema][TfO] (−6°C) was not 

detected for the composite membranes, except for the one 

containing 80 wt% of [dema][TfO], due to the confi nement 

effect that restricts crystallization in nano-sized space.  49 , 50   This 

phenomenon enables using the composite membranes at tem-

peratures lower than the  T  m  of [dema][TfO].  Figure 7b  clearly 

shows the higher ionic conductivity of composite membranes 

compared with that of pure [dema][TfO] at temperatures below 

the  T  m  of [dema][TfO].   

 Fuel cell operation 
 We examined non-humidifying H 2 /O 2  fuel cell operation 

using composite membranes at intermediate temperatures.  47   

First, we tried to fabricate a membrane-electrode-assembly. 

It could be expected that a Nafi on ionomer will not work 

under non-humidifying conditions at temperatures higher than 

100°C. Thus, a catalyst layer for a phosphoric acid fuel cell, 

wherein a fl uorocarbon polymer is employed as a binder, was 

chosen. Fuel cell operation was tested under non-humidifi ed 

conditions at 120°C. Before recording a polarization curve, an 

aging process was required, since [dema][TfO] could leak out 

during the aging process from the composite membrane acting 

as an ion conducting layer, forming a three-phase boundary 

in the catalyst layer.   Figure 8   shows the polarization curve 

under non-humidifying conditions. The maximum current 

and power densities are 400 mA cm −2  and ca. 100 mW cm −2 , 

respectively.  48   We assume that the maximum current density is 

limited by mass transfer. One possible reason is insuffi cient 

gas supply. In this experiment, the utilization of O 2  gas 

reached ca. 80% at the maximum current. However, it was 

found that an increase in the gas fl ow rate led to a decrease 

in the cell potential. As mentioned previously, an unstable 

three-phase boundary in the catalyst layer is formed by leaked 

[dema][TfO], and this boundary is strongly affected by the 

environment of the catalyst layer, such as gas fl ow rate, 

temperature, and current density. For further improvement 

of fuel cells using PILs, a catalyst layer consisting of stable 

anhydrous proton-conducting material needs to be developed.        

  

 Scheme 2.      Plausible fuel cell electrode reactions in protic ionic 

liquids.    
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 Figure 6.      (a) Chemical structure and bulk properties of 

(diethylmethylammonium trifl uoromethanesulfonate) [dema]

[ TfO], and (b) cyclic voltammograms measured at 150°C 

under H 2  or O 2  under saturated conditions. The onset 

potentials of oxygen reduction reaction (ORR) and hydrogen 

oxidation reaction (HOR) are ca. 1 V and ca. 0 V versus RHE, 

respectively.  40   Note:  T  m , melting temperature;  T  d , decomposition 

temperature;  σ , ionic conductivity;  i , current density;  E , potential 

from RHE; RHE, reversible hydrogen electrode.    
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 Figure 7.      (a) Chemical structure of sulfonated polyimide and 

(b) temperature ( T ) dependence of ionic conductivity ( σ ) of 

composite membranes under anhydrous conditions.  σ  of the 

composite membranes increases with increasing [dema][TfO] 

content, and thus, pure [dema][TfO] shows the highest ionic 

conductivity. However, at temperatures lower than the melting 

point (indicated by the gray line), pure [dema][TfO] shows 

lower ionic conductivity than that of composite membranes 

with [dema][TfO] higher than 50 wt%. Note: [dema][TfO], 

diethylmethylammonium trifl uoromethanesulfonate.  47      
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 Potential of PILs as fuel cell electrolytes 
 Finally, we discuss the potential of fuel cells using PILs. The 

ratio of proton conductivity to total ionic conductivity (proton 

transference number ( t  + )) is an important parameter in deter-

mining the performance of a fuel cell electrolyte. In the case 

of hydrated sulfonated polymer electrolyte membranes such 

as Nafi on,  t  +  is 1.0, because the counter anions (i.e., sulfonate 

groups) are affi xed to the polymer backbone. On the other 

hand,  t  +  of the present PILs is 0.5−0.6, 47  which is unfavorable 

for fuel cell electrolytes, because low  t  +  results not only in low 

proton conductivity but also in the polarization of fuel cells. 

However, the proton conduction mechanism of PILs under 

fuel cell operation can differ from that in bulk, because free 

amine, diethylmethylamine, is continuously generated at the 

cathode by ORR between [dema] and oxygen to generate 

water ( Scheme 2 ). The free amine can accept a proton, and thus a 

proton-exchange reaction between the free amine and [dema] 

is possible. 

 A simulation of the fuel cell operation conditions was per-

formed using a 1:1 salt of  N,N,N ′ ,N ′  -tetramethylethylenediamine 

and trifl uoromethanesulfonic acid, which is a half-protonated 

diamine.  47    1 H-NMR spectra and thermogravimetric measure-

ments under heating showed indistinguishable proton signals 

of amine and ammonium structures, and the formation of 

diammonium salt and concomitant evaporation of diamine, 

respectively. This result showed the existence of a proton-

exchange reaction at the faster time scale of the NMR mea-

surements. During the fuel cell operation, free amine is generated 

continuously. If there is no proton-exchange reaction, the free 

amine diffuses back to the anode and accepts the protons gen-

erated in the HOR. Judging from the diffusivity of the cation 

(ca. 10 –6  cm 2  s –1 ), it takes roughly 10 4  s for an amine molecule 

to diffuse over a 1 mm distance. Because the free amine is ther-

mally quite unstable, it evaporates easily, resulting in the 

decomposition of the electrolyte. It is quite plausible that the 

proton-exchange mechanism is responsible for the proton 

transport under fuel cell operation.  47   

 The electrochemical characterization of PILs has just 

begun, and only a few studies have been reported so far.  28 , 51   

A diffi culty in this research is that impurities such as water 

and small deviations in the acid/base compositions from 1/1 

may seriously impact the properties. However, it should be 

noted that facile electrochemical activity for HOR and ORR is 

seen for [dema][TfO] in a wide temperature range (from 30°C 

to 170°C), as typically shown in  Figure 6b . 

 PILs are liquid electrolytes, and thus, leakage from mem-

branes is another issue during fuel cell operation, where water 

is generated by the electrode reactions. If PILs are hydrophilic, 

such a problem will become more pronounced. Hydrophobic 

PILs (i.e., water-immiscible PILs) can be prepared easily by 

using the [NTf 2 ] anion. They show good thermal stability and 

high ionic conductivity. However, such PILs do not exhibit 

good electrochemical activity.  47   The OCV of H 2 /O 2  fuel cells 

using PILs depends strongly on  Δ p K  a  and exhibits a maximum 

at  Δ p K  a  = 16−18 ( vide supra ). Ethylmethylpropylammonium 

nonafl uorobutanesulfonate ([empa][NfO]) fulfi lls this require-

ment, and it is hydrophobic.  52   Furthermore, we succeeded in fuel 

cell operation using [empa][NfO]/SPI composite membranes.  53     

 Conclusion 
 In this article, the characteristics of protic ionic liquids (PILs) as 

electrolytes for non-humidifi ed intermediate-temperature fuel 

cells were compared with those of acidic aqueous solutions. 

Studies on developing PIL-based fuel cell electrolytes are 

briefl y described. A wide range of possible molecular designs 

for fuel cell electrolytes is one of the unique characteristics of 

PILs. Similar to acidic aqueous solutions, PILs exhibit pro-

ton conductivity and activity for fuel cell electrode reactions. 

Excess base can induce the Grotthuss mechanism for proton 

conduction. However, such compositions are not preferable, 

since excess base signifi cantly lowers the thermal stability. 

The thermal stability and open circuit voltage (OCV) of 

H 2 /O 2  fuel cells using PILs are greatly affected by  Δ p K  a . PILs 

with  Δ p K  a  higher than 15 exhibit excellent thermal stability 

high enough for intermediate-temperature fuel cell applica-

tions, while the OCV exhibits a maximum at  Δ p K  a  = 16−18. 

We conclude that PILs with  Δ p K  a  = 16−18 are suitable for fuel 

cell applications. From the screening of more than 100 differ-

ent PILs, diethylmethylammonium trifl uoromethanesulfonate 

([dema][TfO]) was chosen for fuel cell applications due to its 

excellent bulk properties and low overpotentials in fuel cell 

reactions. We found that sulfonated polyimide in ammonium 

form exhibited good compatibility, gave fl exible and mechani-

cally strong composite membranes, and was successfully used 

in non-humidifying fuel cell operation at 120°C. It was also 

found that hydrophobic water-immiscible ethylmethylpropyl-

ammonium nonafl uorobutanesulfonate ([empa][NfO]) could 

be successfully used in fuel cell operation at 120°C without 

humidifi cation. PILs are thus possible candidates for non-

humidifying intermediate-temperature fuel cells. To further 
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 Figure 8.      Polarization curve of H 2 /O 2  non-humidifying 

fuel cell using a sulfonated polyimide/[dema][TfO] 

(diethylmethylammonium trifl uoromethanesulfonate) composite 

membrane at 120°C. The maximum current density is 400 mA cm −2 , 

while the maximum power density is ca. 100 mW cm −2 .  48      
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improve the fuel cell performance using ILs, establishing a 

suitable catalyst layer under non-humidifi ed conditions is 

required.     
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