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Abstract
Ionomericmembranes are essential constituents ofmany ionic devices including fuel cells, lithium-
ion polymer batteries, and ionomeric polymer transducers. Understanding the dynamics of ionic
conductivity of ionomericmembranes is significant in better understanding and optimizing ionic
devices. In this work, effects of temperature andVan derWaals volume ofNafion counterions on ionic
conductivity ofNafion ionomericmembrane are studied. Ionic conductivity of lithium (Li+),
potassium (K+), and 1-Ethyl-3-methylimidazolium (EMI+) ion-exchangedNafionmembranes at
temperatures varying from30 °C–70 °Cwas investigated and a direct correlation between ionic
conductivity and both temperature andVan derWaals volume of counter ionswas observed. Ionic
conductivity as a function of temperature (for all three counterions) exhibited two distinct slopes
below and above∼50 °Cwhich is an indication of changes in activation energy and confirms
previously claims of ionic decomposition of EMI-Tf ionic liquid around∼50 °C.

1. Introduction

Ionomers (ion permeable polymers) have been subjected to numerous studies over the last several years. The
significance of these studies has increased as ionomers have become essential in ionic devices, primarily those
with energy generation and storage applications such as sensors and actuators, fuel cells, lithium-ion polymer
batteries, and artificialmuscles [1–7]. The functionality of devices that use ionomersmainly depends on the ion
mobility (diffusion and/or drifting of ions) through ionomericmembrane. Ionmobility throughmembrane is
dependent onmany factors, including the chemical structure of the ionomer, the driving force (e.g. electric
field), source and type of ions (aqueous electrolyte, ionic liquid, etc), as well as the ambient conditions (e.g.
humidity and temperature). Owing to its thermal and chemical stability and high ion permeability, Nafion has
been one of themost desirable ion permeablemembranes; thus, its ion transport properties have been subjected
to several studies [8–11].

Nafion consists of long tetrafluoroethylene (Teflon) backbone structure with short perfluorovinyl ether side
chains terminatedwith sulfonate ( -SO3 ) ionic groups. The sulfonate ionic groups are accompanied by proton
(H+) counterions. Numerous fuelcell studies have confirmed diffusion-derived proton permeability ofNafion.
Channelized nanostructure alongwith presence of ionic groups and counterions are known to be responsible for
proton permeability ofNafion. Previous studies by others and us have confirmed that the proton counterions
can be substituted by other cations through conventional ion exchange processes [12, 13]. It is also shown by
others and us that drift-driven cation permeability ofNafion can be achieved, resulting in superior
electromechanical attributes [7, 14–17]. In one study,Hong et al [7] investigated the correlations between
electromechanical response andVan derWaals (VdW) volume ofNafion counterions in ionic electroactive
polymer actuators; and observed an increased cationic response with increasing VdWvolume of counterion. In
another study, Bennett and colleagues studied the ion permeability ofNafionmembranes containing
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counterions of different VdWvolumes and impregnatedwith 1-ethyl-3-methylimidazolium
trifluoromethanesulfonate (EMI-Tf) ionic liquid [18]. Correlations among ion permeability, VdWvolume of
counterions, and ionic liquid uptakewere studied and a direct correlation between ion permeability andVdW
volumewas observed for a constant ionic liquid uptake.

In addition to ionic composition, ion permeability ofNafion also depends on environmental conditions
such as temperature. On two independent studies, Uosaki et al andCappadonia et al studied the ionic
conductivity ofNafion at low temperatures, ranging from subzero to room temperature [19, 20].Matos et al
studied the ionic conductivity ofNafion at higher temperatures, from room temperature up to 180 °C [21]. All
studies were conducted using pristine (proton counterion)Nafion and confirmed a direct proportionality
between ion permeability and temperature. In our previous studies on effects of temperature on
electromechanical response of ionic electroactive polymer actuators [22], two distinct behaviors were observed
for two temperature ranges: (1) 25 °C–50 °C and (2) 60 °C–70 °C.The distinct behaviors were speculated to be a
result of variations in ionic liquid composition and nanostructure ofNafion at higher temperatures asNafion
has a broad glass transition temperature that starts at about 55 °C [23–25].

There exists a knowledge gap in explaining the combined effect of temperature andVdWvolume of
counterions on ion permeability ofNafion. In this work, we have investigated temperature dependence ion
permeability ofNafionmembranes containing counterions of different VdWvolumes using electrochemical
and analyticalmeans.

2.Materials andmethods

2.1.Materials
Nafion (sulfonated tetrafluoroethylene based fluoropolymer-copolymer) of 25 μmthickness (NR-211,
IonPower, DE-USA)was used as the ionomermembrane. 1-ethyl-3-methylimidazolium
trifluoromethanesulfonate (EMI-Tfmolecular formula, C7H11F3N2O3S) (Sigma-Aldrich,MO-USA) ionic
liquidwas used as electrolyte and as received. Lithium chloride (LiCl, Sigma-Aldrich,MO-USA), potassium
chloride (KCl, Sigma-Aldrich,MO-USA), and 1-Ethyl-3-methylimidazolium chloride (C6H11ClN2 (EMICl),
Sigma-Aldrich,MO-USA) salts were used as sources of the counterions that were to be exchangedwith protons
inNafionmembranes.

2.2. Sample preparation
The preparation of samples startedwith exchanging the protons inNafionwith one of the counterions to be
tested. The procedure for the counterion exchange is explained in detail previously [7]. Briefly,Nafion
membrane in the protonated formwere pretreated by boiling in 1.0 M sulfuric acid for 120 min, followed by
boiling in deionized (DI)water for 120 min. Themembranewas then exchanged from the proton form to one of
the three neutralized forms by soaking in 0.5 Maqueous salt solutions for two days at 80 °C, followed by eight
days at 60 °C.The three forms of ion exchangedmembranes studied are lithium, potassium, and 1-ethyl-3-
methylimidazolium (EMI). Themembranes were then rinsed thoroughly and soaked inDIwater for 3 h to
remove any excess salt.Membranes were then dehydrated in a vacuumoven (110 °C, –100 kPa) for 3 days.
Dehydratedmembranes were then impregnated by soaking in EMI-Tf for 48 h at 80 °Cand then cut into
1×1 cm2 samples for testing.

2.3. Experimental procedure
Membranes were placed between two 1×1 cm2 copper electrodes that were glued to two separate glass
substrates. Hot gluewas then used to seal the structures before submerging it into a temperature-controlled
water bath. A hot plate (Corning 5×7 in2 PC-420D, Corning, NY-USA)with temperature feedback control
was used to achieve the desired temperature in thewater bath. Thefirstmeasurement was conducted at room
temperature 30 °C and then at temperatures ranging between 30 °C and 70 °Cwith an increment of 10 °C.A
VersaSTAT-4 potentiostat (PrincetonApplied Research, IL-USA)was then used to apply a 10 mVpotential at
frequencies ranging from100 kHz to 0.1 Hz and tomonitor electrical impedance.

3. Results and discussion

Ionic conductivity,σ(T), of ion-exchangedNafionmembranes as a function of temperature was calculated.
Specimenswere characterized for their electrochemical properties as a function of frequency. Presented in
figure 1 areNyquist plots of different specimens and temperatures. TheNyquist plots were used to obtain
resistance,RT, at different temperatures at high frequency, and the ion conductivity was calculated from
equation (1),
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where t is the thickness of themembrane andA is the surface area of themembrane [18].
As presented infigure 2, ionic conductivity exhibited direct correlations with both temperature and the

VdWvolume of the counterions; it is speculated that the increased ionic conductivity is the consequence of two
main structural changes in the ionic system: nanostructure and ionic composition. Each of the structural
changes can occur as a result of a number of different cause.

Figure 1.Nyquist plots formembranes with different counterions at different temperatures.

Figure 2.Conductivity acrossNafionmembranes with different counterions at different temperatures.
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3.1. VdWvolume of counterions
Nafion consists of Teflon-like fluorocarbon backbonewith ionic sulfonate groups at the ends. Themost widely
acceptedmodel forNafionwas first proposed byGierke et al [26]. Inwhich,Nafion consists of a channelized
structure with very small and hollow inverted-micelle spheres connectedwith nanochannels that allow ion
diffusion and drift. The ionic sulfonate groups resides in the inner surface of ionic clusters that represent
inverted-micelles and nanochannels. It is suggested that the counterions will replace the protons (H+) during
the exchange process inNafion-Hmembranes. Bennett et al [18] have developed a charge transportmodel in
which all the counterions attached to the sulfonate groupswill be displaced by the EMI+ cations after soaking the
exchangedNafionmembranes in EMI-Tf ionic liquid at a specific level. The counterions will transport through
membranes by ‘hopping’ among free Tf− sites after being displaced by EMI+ cations at theNafion exchange
sites. It was also noticed that less ionic liquid is required to displace all counterionswith larger VdWvolumes
(compared to smaller VdWvolume counterions) as they have lower electrostatic binding energy. Fourier
transform infrared spectroscopy studywas also conducted by SR Lowry andKAMauritz [27] tomonitor the
effect the counterion size and hydration inNafionmembranes. They found a shift in symmetric stretch peak for
larger counterions to a lowerwavenumber formembranes with lower hydration levels. This indicates a lower
polarization of the S−Odipoles of the -SO3 sulfonate groups due toweaker electrostatic field for larger size
counterions. This result supports Bennett et al that larger VdWcounterions are easier to be displaced and
require lower amount of the ionic liquid. This concludes having higher amount of free ionic liquidwithin the
membranes with larger VdWvolume counterions for samples with same ionic liquid uptake and different VdW
counterions volumes.Higher amount of free ionic liquidwill enhances ionic conductivity. Additionally,W
Hong et al [7] have experimentally proven that the counterions in (ion-exchanged and pristine)Nafion
membrane aremobilized under an external electric field. In their experiment, the cationic response has
enhanced for actuators fabricated ofmembranes that were exchangedwith larger VdWcounterions. This will
support Bennett et al charge transportmodel and the ionic conductivity enhancement formembranes with
larger VdWvolume counterions.

3.2. Temperature
Increasing ionic conductivity with increasing temperature is due to the increase in kinetic energy of the ions as a
function of temperature [19–21] and can be explained usingArrhenius equation for ionic conductivity,
equation (2):

s s=
-⎜ ⎟⎛

⎝
⎞
⎠( ) ( )T

E

RT
exp 2a

0

whereσ0 is themaximum ionic conductivity, Ea is the activation energy,R is the gas constant, andT is the
temperature. Equation (2) can also be rearranged to obtain equation (3),

s s=
-

+-( ( )) ( ) ( ) ( )T
E

R
Tln ln 3a 1

0

which exhibits a linear relationship betweenT−1 and ln(σ(T)). In previous studies, however, two distinct ranges
of linearfitting (different slopes)were observed for experimental data obtained at low (<∼50 °C) and high (>
∼50 °C) temperature ranges. The different slopes signify a different activation energies Eawithin each
temperature range sinceEa represents the slope of the linear Arrhenius relation, as demonstrated in equation (3).
Presented infigure 3 are experimental datafittedwith the linear Arrhenius equation (equation (3)). A general
trend of higher ionic conductivity for higher temperatures is observed, with different slopes for temperatures
below and above 50 °C.The two trends of ionic conductivity are in good agreement with our previous studies on
the electromechanical response of ionic electroactive actuators testedwithin these temperature ranges [22]. The
two distinct ionic conductivity slopes can be explained by changes in ionic composition of the ionic liquid as well
as changes to the nanostructure ofNafion. Changes in ionic composition ismainly related to the dispersal of
large ionic complexes to smaller ionic species at elevated temperature (i.e.∼60 °C), which require a lower
activation energy to be transported through themembranes, as well as the changes in the nanostructure on
Nafion that occures at about the same temperature. After the conductivity datawas fittedwith the Arrhenius
equation, the fitted lines showed a smaller slope for the temperatures between 60 °C and 70 °Ccompared to the
temperatures ranging from30 °C to 50 °C, indicating a lower required activation energy at elevated
temperatures, which is characteristic of smaller ions.Moreover, smallermobilized ions should result in an even
higher conductivity than the previous trend (the conductivity at 60 °Cand 70 °C should lie above the single
dashed blue lines infigure 3); however, a conductivity lower than the low-temperature trendwas observed. This
is expected to be a consequence of the change and breakage of nanochannels in themembrane due to the broad
glass transition temperature ofNafion that starts at∼55 °C [23–25], and affects the ion transport through the
membranes.
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Itmust be noted thatNafion exhibits negative activation volume; therefore, in addition to temperature and
composition, as presented in this study, pressure is expected to also affect the ion conductivity ofNafion [28–31].

4. Conclusion

Ionic conductivity ofNafion as a function of temperature andVan derWaals volume of counter ions is studied.
A direct relationwas observed between increasing ionic conductivity and both increasing temperature and
increasingVan derWaals volume of counter ions. At higher temperatures, the increased kinetic energy enhances
the ionic conductivity. Counterions with larger Van derWaals volume are easier to be displaced by the ionic
liquids, leavingmore free ionic liquid through themembranes which results in an enhancement of ionmobility;
and thus, ionic conductivity. The ionic conductivity datawas fittedwith the Arrhenius equation and showed two
different trends at two different temperature ranges. This observation can verify previously claimed dispersion
of ionic complexes to smaller ions or smaller ionic complexes which requires a lower activation energy at
elevated temperatures.

Acknowledgments

Thisworkwas supported in part by funding from the Iowa StateUniversity Foundation.

ORCID iDs

AbdallahAlmomani https://orcid.org/0000-0003-1656-6386

References

[1] Della Santa A,DeRossi D andMazzoldi A 1997Characterization andmodelling of a conducting polymermuscle-like linear actuator
SmartMater. Struct. 6 23

[2] Wallmersperger T, Akle B J, LeoD J andKröplin B 2008 Electrochemical response in ionic polymer transducers: an experimental and
theoretical studyCompos. Sci. Technol. 68 1173–80

[3] Must I, JohansonU,Kaasik F, Põldsalu I, Punning A andAablooA 2013Charging a supercapacitor-like laminate with ambient
moisture: from ahumidity sensor to an energy harvester Physical Chemistry Chemical Physics 15 9605–14

Figure 3.Arrhenius plots of ionic conductivity forNafionmembranes at different temperatures and for different counterions.

5

Mater. Res. Express 5 (2018) 065325 AAlmomani et al

https://orcid.org/0000-0003-1656-6386
https://orcid.org/0000-0003-1656-6386
https://orcid.org/0000-0003-1656-6386
https://orcid.org/0000-0003-1656-6386
https://doi.org/10.1088/0964-1726/6/1/003
https://doi.org/10.1016/j.compscitech.2007.06.001
https://doi.org/10.1016/j.compscitech.2007.06.001
https://doi.org/10.1016/j.compscitech.2007.06.001
https://doi.org/10.1039/c3cp51526e
https://doi.org/10.1039/c3cp51526e
https://doi.org/10.1039/c3cp51526e


[4] HongW,Almomani A andMontazamiR 2017 Electrochemical andmorphological studies of ionic polymermetal composites as stress
sensorsMeasurement 95 128–34

[5] Jablonski A, Kulesza P J and Lewera A 2011Oxygen permeation throughNafion 117membrane and its impact on efficiency of polymer
membrane ethanol fuel cell J. Power Sources 196 4714–8

[6] Yang J, Ghobadian S, Goodrich P J,Montazami R andHashemiN2013Miniaturized biological and electrochemical fuel cells:
challenges and applications Physical Chemistry Chemical Physics 15 14147–61

[7] HongW,Meis C,Heflin J R andMontazami R 2014 Evidence of counterionmigration in ionic polymer actuators via investigation of
electromechanical performance Sensors andActuators B: Chemical 205 371–6

[8] MorrisDR and SunX1993Water-sorption and transport properties ofNafion 117H J. Appl. Polym. Sci. 50 1445–52
[9] OkadaT,Møller-Holst S, GorsethO andKjelstrup S 1998Transport and equilibriumproperties ofNafion®membranes withH+ and

Na+ ions J. Electroanal. Chem. 442 137–45
[10] OkadaT, Xie G,GorsethO,Kjelstrup S,NakamuraN andArimura T 1998 Ion andwater transport characteristics ofNafion

membranes as electrolytes Electrochim. Acta 43 3741–7
[11] Tan S andBelangerD 2005Characterization and transport properties ofNafion/polyaniline compositemembranesThe Journal of

Physical ChemistryB 109 23480–90
[12] BennettMD2005Electromechanical transduction in ionic liquid-swollenNafionmembranesDoctoral dissertationVirginia Tech
[13] Montazami R 2011 Smart Polymer Electromechanical Actuators for SoftMicrorobotic ApplicationsDoctoral dissertationVirginia Tech
[14] Akle B J, BennettMD, LeoD J,Wiles KB andMcGrath J E 2007Direct assembly process: a novel fabrication technique for large strain

ionic polymer transducers J.Mater. Sci. 42 7031–41
[15] Liu Y et al 2012 Equivalent circuitmodeling of ionomer and ionic polymer conductive network composite actuators containing ionic

liquids Sensors andActuators A: Physical 181 70–6
[16] Liu Y et al 2010 Ion transport and storage of ionic liquids in ionic polymer conductor network compositesAppl. Phys. Lett. 96 223503
[17] Liu S et al 2009 Layer-by-layer self-assembled conductor network composites in ionic polymermetal composite actuators with high

strain responseAppl. Phys. Lett. 95 023505
[18] BennettMD, LeoD J,WilkesG L, Beyer F L, Pechar TWandPechar TW2006Amodel of charge transport and electromechanical

transduction in ionic liquid-swollenNafionmembranes Polymer 47 6782–96
[19] Uosaki K,Okazaki K andKitaH 1990Conductivity of Nationmembranes at low temperatures J. Electroanal. Chem. Interfacial

Electrochem. 287 163–9
[20] CappadoniaM, Erning JWand StimmingU 1994 Proton conduction ofNafion® 117membrane between 140 K and room

temperature J. Electroanal. Chem. 376 189–93
[21] Matos BR,Goulart CA, Santiago E I,Muccillo R and Fonseca FC 2014 Proton conductivity of perfluorosulfonate ionomers at high

temperature and high relative humidityAppl. Phys. Lett. 104 091904
[22] Almomani A,HongW,HongWandMontazami R 2017 Influence of temperature on the electromechanical properties of ionic liquid-

doped ionic polymer-metal composite actuators Polymers 9 358
[23] Xie T 2010Tunable polymermulti-shapememory effectNature 464 267–70
[24] Xie T, Page KA andEastman SA 2011 Strain-based temperaturememory effect for nafion and itsmolecular originsAdv. Funct.Mater.

21 2057–66
[25] ShenQ, Trabia S, StalbaumT, PalmreV, KimK andOh I-K 2016Amultiple-shapememory polymer-metal composite actuator

capable of programmable control, creating complex 3Dmotion of bending, twisting, and oscillation Sci. Rep. 6 24462
[26] HsuWYandGierke TD1983 Ion transport and clustering inNafion perfluorinatedmembranes J.Membr. Sci. 13 307–26
[27] Lowry S andMauritz K 1980An investigation of ionic hydration effects in perfluorosulfonate ionomers by fourier transform infrared

spectroscopy J. Am. Chem. Soc. 102 4665–7
[28] Fontanella J J,WintersgillMC, FigueroaDR, ChadwickAV andAndeenCG1983Anomalous pressure dependence of dipolar

relaxation times in rare-Earth-doped lead Fluoride’, Physics Review Letters 51 1892–5
[29] Fontanella J J, EdmondsonCA,WintersgillMC,WuY andGreenbaum SG1996High-pressure electrical conductivity andNMR

studies in variable equivalent weightNafionmembranesMacromolecules 29 4944–51
[30] UllakkoK,Huang J K, Kantner C,O’Handley RC andKokorinVV 1996 Largemagnetic-field-induced strains inNi2MnGa single

crystalsAppl. Phys. Lett. 69 1966–8
[31] PapathanassiouAN, Sakellis I andGrammatikakis J 2010Negative activation volume for dielectric relaxation in hydrated rocks

Tectonophysics 490 307–9

6

Mater. Res. Express 5 (2018) 065325 AAlmomani et al

https://doi.org/10.1016/j.measurement.2016.09.036
https://doi.org/10.1016/j.measurement.2016.09.036
https://doi.org/10.1016/j.measurement.2016.09.036
https://doi.org/10.1016/j.jpowsour.2011.01.045
https://doi.org/10.1016/j.jpowsour.2011.01.045
https://doi.org/10.1016/j.jpowsour.2011.01.045
https://doi.org/10.1039/c3cp50804h
https://doi.org/10.1039/c3cp50804h
https://doi.org/10.1039/c3cp50804h
https://doi.org/10.1016/j.snb.2014.09.008
https://doi.org/10.1016/j.snb.2014.09.008
https://doi.org/10.1016/j.snb.2014.09.008
https://doi.org/10.1002/app.1993.070500816
https://doi.org/10.1002/app.1993.070500816
https://doi.org/10.1002/app.1993.070500816
https://doi.org/10.1016/S0022-0728(97)00499-3
https://doi.org/10.1016/S0022-0728(97)00499-3
https://doi.org/10.1016/S0022-0728(97)00499-3
https://doi.org/10.1016/S0013-4686(98)00132-7
https://doi.org/10.1016/S0013-4686(98)00132-7
https://doi.org/10.1016/S0013-4686(98)00132-7
https://doi.org/10.1021/jp054724e
https://doi.org/10.1021/jp054724e
https://doi.org/10.1021/jp054724e
https://doi.org/10.1007/s10853-006-0632-4
https://doi.org/10.1007/s10853-006-0632-4
https://doi.org/10.1007/s10853-006-0632-4
https://doi.org/10.1016/j.sna.2012.05.002
https://doi.org/10.1016/j.sna.2012.05.002
https://doi.org/10.1016/j.sna.2012.05.002
https://doi.org/10.1063/1.3432664
https://doi.org/10.1063/1.3179554
https://doi.org/10.1016/j.polymer.2006.07.061
https://doi.org/10.1016/j.polymer.2006.07.061
https://doi.org/10.1016/j.polymer.2006.07.061
https://doi.org/10.1016/0022-0728(90)87166-H
https://doi.org/10.1016/0022-0728(90)87166-H
https://doi.org/10.1016/0022-0728(90)87166-H
https://doi.org/10.1016/0022-0728(94)03586-5
https://doi.org/10.1016/0022-0728(94)03586-5
https://doi.org/10.1016/0022-0728(94)03586-5
https://doi.org/10.1063/1.4867351
https://doi.org/10.3390/polym9080358
https://doi.org/10.1038/nature08863
https://doi.org/10.1038/nature08863
https://doi.org/10.1038/nature08863
https://doi.org/10.1002/adfm.201002579
https://doi.org/10.1002/adfm.201002579
https://doi.org/10.1002/adfm.201002579
https://doi.org/10.1038/srep24462
https://doi.org/10.1016/S0376-7388(00)81563-X
https://doi.org/10.1016/S0376-7388(00)81563-X
https://doi.org/10.1016/S0376-7388(00)81563-X
https://doi.org/10.1021/ja00534a017
https://doi.org/10.1021/ja00534a017
https://doi.org/10.1021/ja00534a017
https://doi.org/10.1103/PhysRevLett.51.1892
https://doi.org/10.1103/PhysRevLett.51.1892
https://doi.org/10.1103/PhysRevLett.51.1892
https://doi.org/10.1021/ma9600926
https://doi.org/10.1021/ma9600926
https://doi.org/10.1021/ma9600926
https://doi.org/10.1063/1.117637
https://doi.org/10.1063/1.117637
https://doi.org/10.1063/1.117637
https://doi.org/10.1016/j.tecto.2010.04.030
https://doi.org/10.1016/j.tecto.2010.04.030
https://doi.org/10.1016/j.tecto.2010.04.030

	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Sample preparation
	2.3. Experimental procedure

	3. Results and discussion
	3.1. VdW volume of counterions
	3.2. Temperature

	4. Conclusion
	Acknowledgments
	References



