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Abstract. Proton exchange membrane (PEM) electrolysis is one of the waters splitting techniques
available for producing green hydrogen. As such, improvement of the membrane ion conductivity
will result in improvement of hydrogen production. Ionic liquids have recently been reported to
enhance ionic conductivity of PEM. Herein, a screening method to select suitable ionic liquids for
the development of efficient proton exchange membrane. COnductor-like Screening MOdel for
Realistic Solvents (COSMO-RS) was used to predict the ionic conductivity as well as the
compatibility of the ions with the Nafion™ through the interpretation of c-profile as well as
interaction energy of the selected cations and anions. It was found that the anions namely of
trifluoromethanesulfonate and nitrate with the cation of ammonium and imidazolium may be the
best candidate for the ILs to be incorporated to Nafion™ for polymer electrolyte membrane (PEM)
as the combination gives high ionic conductivity with considerable high interaction towards
Nafion™, It is to be highlighted that the ionic liquids mainly interact with Nafion™ through the
anion as implied by the high interaction energy of the anion towards Nafion™ compared to the
cation.

Introduction

It is recorded in the Global Energy Statistical Yearbook 2022 that the domestic consumption of
electricity in the Asia region for 2021 is 12,165 terawatt-hours (TWh)[1] pinpointing the demand
for electricity that keeps on rising over the years. At present, coal remains the main source to
generate electricity globally. Not only it is a non-renewable source, the usage of coal to generate
electricity has contributed to greenhouse gas production. Due to this, it is of paramount importance
to make use of a better option which is a renewable source. Hydrogen source for power generation
particularly green hydrogen is an attractive choice of source as no greenhouse gas (GHG) is being
released and with no carbon footprint as the only byproduct that is released through the process is
water vapor [2].

Proton exchange membrane (PEM) electrolysis is one of the waters splitting techniques
available for producing green hydrogen. The advantage of the techniques lies in the ease of
fabrication where the PEM electrolyzer can be built according to the desired system. The most
commonly used membrane for hydrogen production is perfluorosulfonic acid (PFSA) polymer
membrane particularly Nafion™ due to its good ionic conductivity and excellent physicochemical
properties [2, 3]. The former properties are vital as a high ionic conductivity is required to have
efficient hydrogen production. The inclusion of ionic liquids (ILs) into the membrane is also
another way to achieve this. The presence of ILs is reported to improve the proton conductivity of
the membrane. The ionic liquids composed of cations such as ammonium, imidazolium, and
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triazolium with a variety of anions such as tetrafluoroborate, chloride, trifluoromethanesulfonate,
formate and nitrate have been reported to improve the conductivity [4-14].

As there are up to at least a million possible of ionic liquids due to various combination of
cations and anions available, a prior prediction must be done to look for suitable ILs to be included
in the membrane. COSMO-RS is a versatile tool for predicting the thermophysical properties of
pure or mixed fluids. COSMO-RS which is based on quantum chemical calculations using the
molecular structure and confirmation information can be used to gain a better understanding of the
behavior of a molecule. In this study, COSMO-RS was used to predict the ionic conductivity as
well as compatibility of ILs with the Nafion™ through the interpretation of o-profile as well as
interaction energy prediction of the selected cations and anions.

Methods

Structure optimization generation of the o-profile, of the cations, anions, and Nafion™ structure

The method to optimize the structure in this study is adapted from [15-22]. COSMO-RS was used
to determine the o-profile of a molecule by performing quantum chemical calculations using
molecular structure and confirmation information. The sigma (o) profile can be defined as a
probability of surface charge distribution on a molecular surface. To generate the o-profile and o-
surface, T-Molex version 21.0.0 was used to optimize the structure of cations and anions at the
DFT level. Firstly, the 3D molecular structure of the target molecule was built. The step was then
followed by the geometry optimization through DFT calculation using parameterization of B3LYP
with triple —& valence polarized basis set (TZVP). The optimized structures were then exported to
COSMOthermX version 19.0.4 where the o-profiles and o-surface of the structures were
generated.

COSMO-RS ionic conductivity prediction

The resulting optimized structures that were in form of COSMO file was used as the input in
COSMO-RS to predict the properties of ionic conductivity of different combination of anions and
cations at room temperature. The ionic conductivity (x=«) is determined by equation (1):

In (x(T)x0) = d* + € *(In(r*m)) + £* (In/6)) + Ediet /Baieto + g* (E/(RT)) + i* (Edgiel(To))/(R*T?) + d @)

where the field without the dielectric, Egieto= 1 kJ/mol, initial temperature, To = 1 K. The term
r*m 1s molecular radius, ¢ is symmetry number and R is gas constant. For ionic conductivity the
regression parameter values are d= 8.784179, e= -15.668627, = -1.141751, g= 0.025274, h= -
0.054461 and i= 19.107936. The parameter values were obtained through the correlation of the
experimental data to develop the model.

Estimation of the interaction energy of ions pairs of ionic liquids towards Nafion™

COSMO-RS was further used to estimate the ion interaction energy towards Nafion™ in which
the Nafion™ and the ionic liquid molecule were treated as an equimolar mixture. To simplify
quantum chemical calculation of the Nafion™ polymer, a dimer structure of two repeating units
is used to represent the Nafion™ in this study as shown in Figure 1. The interaction energy namely
misfit (Emr), hydrogen-bond (Eng), and van der Waals (E,aw) were quantified using Equations (2),
(3), and (4) respectively. Equation (5) on the other hand is the total interaction energy (EmT).

Eyp = XerrCHB min(0; dgonor + onp) X max (0; Oacceptor T OHB) (2

a , 3
EMF = aeff5(0'+ o )2 ( )
Evaw = Qepr(Tyaw + Tvaw') 4)
Eint = Eur + Eyp + Epaw (5)
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Where a,sf, cyp and oy denote the effective contact area, the degree of hydrogen bond, and
the lower limit of hydrogen bond respectively; 0gonor, and Ggccepror are the screening charge

densities of hydrogen bond donor and acceptor, respectively; o and o’ represent the screening
charge densities of two different parts; 7,4y and 7,4y are the specific van der Waals interaction
parameter for each element.

Results and Discussions
COSMO-RS is a model to screen ionic liquids with specific properties. It can predict
physicochemical properties such as viscosity and ionic conductivity henceforth helping the
selection process of potential ionic liquids to be done effectively. This allows to leverage in terms
of cost as it will avoid unnecessary synthesis reactions taking part as the properties of the ionic
liquids can be predicted beforehand. Nevertheless, it should be bear in mind that, COSMO-RS
merely serves as a tool to give a prediction of the physicochemical properties of an ionic liquid.
The data predicted served as a guideline to narrow down the overwhelming number of simple ionic
liquids. Hence, it is necessary for the prediction to be followed by experimental work [15-19].
The key properties for an ideal IL to be incorporated in the membrane for PEM is its ionic
conductivity [4, 8]. The selection of the cation and anion was based on the previously incorporated
ILs into the membrane of the Nafion™. In this study, the combination of the cations of
imidazolium, boronium, ammonium, and phosphonium (Figure 2) with the anion of nitrate,
tetrafluoroborate, formate, and trifluoromethylsulfonate (Figure 3) were predicted. The
conductivities of the different combinations of anions and cations are summarized in Figure 4.
Apart from that, the length of the alkyl chain of the imidazolium was also varied.
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Fig. 1. Nafion™ dimer

g oL ol ot

CoHs C3H7 C4Hg C4Hg
1-ethyl-2,3-dimethyl 1-propyl-2,3-dimethyl 1-butyl-2,3-dimethyl 1-butyl-3-methyl
imidazolium imidazolium imidazolium imidazolium

’/ CaHg O——B
Cy4Hg

N A \E’/\ o
7 / C4H9 O:B/

triethylammonium tributylmethylthylphosphonium B2020H

Fig. 2. Different cations structures of the ILs used in this study
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Fig. 3. Different anions structures of the ILs used in this study.

Based on the predicted conductivities, the variation of the anion has a greater effect on the ionic
conductivity of the resulting ILs [18, 23]. The combination of nitrate anion followed by
trifluoromethanesulfonate with all cations has resulted in the highest conductivity compared to
other anions. This is in accord with the study reported in [12] where the incorporation of nitrate-
based ILs into the Nafion™ membrane has resulted in a greater conductivity of the membrane
compared to the usage of formate-based ILs. The variation in length of the alkyl chain attached to
the imidazolium-based showed that the longer alkyl chain caused the ionic conductivity to be lower
as it induced greater intermolecular attractions and impedes ion mobility as reported in [18, 23-
26]. The phosphonium and boron-based ILs showed significantly lower conductivities compared
to the imidazolium and ammonium-based ILs. This explains the prominent usage of imidazolium
and ammonium cation-based ILs to improve the conductivity of the proton exchange membrane
such as Nafion™ as reported in quite a significant number of studies [4-9, 11-13, 27-30].
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Fig. 4. Predicted conductivities of the cations and anions included in the study
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The incorporation of o-profile probability distribution in this study aids in explaining the
compatibility of the cations and anions towards Nafion™. There are three different regions in a
graph of o-profile distribution that represents the nature of a molecule namely hydrogen bond
donor (HBD), hydrogen bond acceptor (HBA), and nonpolar (NP) region [15-18]. The o-profile
probability distribution of Nafion™ is mostly nonpolar and with a very slight hydrogen bond
acceptor in nature. This is attributable to the repeating fluorinated backbone unit (Figure 5). The
o-profile of the anion showed the compatibility of the anion namely nitrate, formate and triflate,
with Nafion™. All three have o-profile probability distribution in the non-polar region. The non-
polar molecule has great affinity towards the non-polar molecule [17, 18] suggesting the
compatibility of the anions with the polymer. Moreover, the slight distribution of o-profile of
Nafion™ in the hydrogen bond donor region may add up to the affinity of the three anions namely
nitrate, formate and triflate, towards Nafion™ that are mostly of HBA in nature.
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Fig. 5. Sigma profile distributions of Nafion™ and anions included in the study

As for the cation, the cation boronium and phosphonium may have a great affinity towards the
Nafion™ structure as their o-profile distributions are mostly in HBA in nature for the former and
partially HBA and non-polar in nature for the latter (Figure 6). On the other hand, the cation,
imidazolium, and ammonium may interact to the Nafion™ molecule through their nonpolar area
of the cations as their o-profile distributions mainly are in the nonpolar region.
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Fig. 6. Sigma profile distributions of Nafion™ and cations included in the study

The COSMO-RS was further used to predict the interaction energy of the ionic liquids towards
Nafion™. The effect of the anion and cation was individually assessed. In the decreasing order,
the interaction energy of the anions (kcal/mol) is formate > nitrate > trifluoromethane-sulfonate >
tetrafluoroborate (Figure 7). If we correlate the data with the o-profile, the nature of the formate
anion that has the greatest HBA character among the anions included in this present study has
caused the interaction energy of formate towards Nafion™ to be the highest. This also suggested
the mode of interaction of the ILs towards the Nafion™ dimer is through the anion. Although the
distribution of the o-profile of the Nafion™ molecule is highly concentrated at the non-polar
region attributable to the fluorinated backbone but the main mode of the interaction between the
anion and the molecule is through the acidic area of the molecule that is the sulphonic acid group.
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Fig. 7. Interaction energies prediction of anions included in the study towards Nafion™
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This is further supported by the interaction energy of the cations. The boron-based cation that
has the highest affinity towards the Nafion™ has the most prominent distribution in the HBA
region pinpointed the main interaction of the cation towards the Nafion™ molecule is through the
HBD area (Figure 8). As such, the interaction of phosphonium towards the Nafion™ is the second
highest after boronium as the distribution of phosphonium cation lies partially in HBA and non-
polar. The cation of imidazolium and ammonium showed slightly lower interaction energy
compared to the phosphonium cation in which the mode of interaction of the cations is through the
alkyl chain of the cations that contributed to the non-polar nature.
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Fig. 8. Interaction energies prediction of cations included in the study towards Nafion™

Conclusion

The combination of imidazolium and nitrate anion gives out the best conductivity followed by the
combination of the same cation with trifluoromethanesulfonate. The o-profile showed the non-
polar nature of the Nafion™ dimer. The imidazolium and ammonium cation lies mostly in the non-
polar region whilst boronium and phosphonium have some distributions in the hydrogen bond
acceptor region. The interaction energy suggested that the main interaction of the ionic liquids is
through the anion as the anion has significantly high interaction energy towards the Nafion™
compared to the cation. Furthermore, as the anions are hydrogen bond acceptor in nature and has
high affinity towards hydrogen bond donor, this revealed that the main interaction mode of the
Nafion™ is through the sulfonic group that contributed to the HBD nature of the polymer. Taking
into consideration the prediction through COSMO-RS, the anion of trifluoromethane sulfonate,
nitrate with the cation of ammonium and imidazolium may be the best candidate for the ILs to be
incorporated into Nafion™ for polymer exchange membrane (PEM) as the combination gives
considerably high ionic conductivity with considerable high interaction towards Nafion™. This
result may act as the basis for the selection of suitable anions and cations to be incorporated into
Nafion™ experimentally.

452



Sustainable Processes and Clean Energy Transition - ICSUPCET2022 Materials Research Forum LLC

Materials Research Proceedings 29 (2023) 446-455 https://doi.org/10.21741/9781644902516-51

Acknowledgement

This research was funded by Petroleum Research Fund (PRF) (015MDO0-132). The authors also
acknowledge technical support and facilities from the Chemical Engineering Department and
Centre of Research in Ionic Liquids of Universiti Teknologi PETRONAS.

References

[1] Enerdata. "Electricity domestic consumption."
https://yearbook.enerdata.net/electricity/electricity-domestic-consumption-data.html (accessed
10 February, 2020).

[2] M. F. Ahmad Kamaroddin et al., "Membrane-based electrolysis for hydrogen production: A
review," Membranes, vol. 11, no. 11, p. 810, 2021. https://doi.org/10.3390/membranes11110810

[3] P. Millet, "Hydrogen production by polymer electrolyte membrane water electrolysis," in
Compendium of hydrogen energy: Elsevier, 2015, pp. 255-286. https://doi.org/10.1016/B978-1-
78242-361-4.00009-1

[4] L. Zanchet et al., "3-Triethylammonium propane sulfonate ionic liquids for Nafion-based
composite membranes for PEM fuel cells," Journal of Materials Science, vol. 55, no. 16, pp.
6928-6941, 2020. https://doi.org/10.1007/s10853-020-04454-4

[5] F. Lu et al., "Preparation and characterization of nonaqueous proton-conducting membranes
with protic ionic liquids," ACS Applied Materials & Interfaces, vol. 5, no. 15, pp. 7626-7632,
2013. https://doi.org/10.1021/am401940y

[6] M. Doyle, S. K. Choi, and G. Proulx, "High-temperature proton conducting membranes
based on perfluorinated ionomer membrane-ionic liquid composites," Journal of the
Electrochemical Society, vol. 147, no. 1, p. 34, 2000. https://doi.org/10.1149/1.1393153

[7] V. Di Noto, E. Negro, J.-Y. Sanchez, and C. Iojoiu, "Structure-relaxation interplay of a new
nanostructured membrane based on tetracthylammonium trifluoromethanesulfonate ionic liquid
and neutralized nafion 117 for high-temperature fuel cells," Journal of the American Chemical
Society, vol. 132, no. 7, pp. 2183-2195, 2010. https://doi.org/10.1021/ja906975z

[8] R. Sood, C. Iojoiu, E. Espuche, F. Gouanvé¢, H. Mendil-Jakani, and S. Lyonnard, "Influence
of different perfluorinated anion based Ionic liquids on the intrinsic properties of Nafion®,"
Journal of membrane science, vol. 495, pp. 445-456, 2015.
https://doi.org/10.1016/j.memsci.2015.07.006

[9] Y. Li et al., "More sustainable electricity generation in hot and dry fuel cells with a novel
hybrid membrane of Nafion/nano-silica’/hydroxyl ionic liquid," Applied Energy, vol. 175, pp.
451-458, 2016. https://doi.org/10.1016/j.apenergy.2016.03.075

[10] S. Sekhon, J.-S. Park, E. Cho, Y.-G. Yoon, C.-S. Kim, and W.-Y. Lee, "Morphology studies
of high temperature proton conducting membranes containing hydrophilic/hydrophobic ionic
liquids," Macromolecules, vol. 42, no. 6, pp. 2054-2062, 2009.
https://doi.org/10.1021/ma8027112

[11] C. Schmidt, T. Gliick, and G. Schmidt-Naake, "Modification of Nafion membranes by
impregnation with ionic liquids," Chemical Engineering & Technology: Industrial Chemistry-
Plant Equipment-Process Engineering-Biotechnology, vol. 31, no. 1, pp. 13-22, 2008.
https://doi.org/10.1002/ceat.200700054

453



Sustainable Processes and Clean Energy Transition - ICSUPCET2022 Materials Research Forum LLC

Materials Research Proceedings 29 (2023) 446-455 https://doi.org/10.21741/9781644902516-51

[12]J. T. E. Goh, A. R. Abdul Rahim, M. S. Masdar, and L. K. Shyuan, "Enhanced performance
of polymer electrolyte membranes via modification with ionic liquids for fuel cell applications,"
Membranes, vol. 11, no. 6, p. 395, 2021. https://doi.org/10.3390/membranes11060395

[13]Y. Zhang, J. Li, L. Ma, W. Cai, and H. Cheng, "Recent developments on alternative proton
exchange membranes: strategies for systematic performance improvement," Energy Technology,
vol. 3, no. 7, pp. 675-691, 2015. https://doi.org/10.1002/ente.201500028

[14] M. Martinez et al., "Proton-conducting ionic liquid-based Proton Exchange Membrane Fuel
Cell membranes: The key role of ionomer-ionic liquid interaction," Journal of Power Sources,
vol. 195, no. 18, pp. 5829-5839, 2010. https://doi.org/10.1016/j.jpowsour.2010.01.036

[15] A. Klamt, "Conductor-like screening model for real solvents: a new approach to the
quantitative calculation of solvation phenomena," The Journal of Physical Chemistry, vol. 99,
no. 7, pp. 2224-2235, 1995. https://doi.org/10.1021/;1000072062

[16] A. Klamt and F. Eckert, "COSMO-RS: a novel and efficient method for the a priori
prediction of thermophysical data of liquids," Fluid Phase Equilibria, vol. 172, no. 1, pp. 43-72,
2000. https://doi.org/10.1016/S0378-3812(00)00357-5

[I7]N. I. M. F. Hilmy, W. Z. N. Yahya, and K. A. Kurnia, "Eutectic ionic liquids as potential
electrolytes in dye-sensitized solar cells: Physicochemical and conductivity studies," Journal of
Molecular Liquids, vol. 320, p. 114381, 2020. https://doi.org/10.1016/j.molliq.2020.114381

[18] R. A. A. Talip, W. Z. N. Yahya, and M. A. Bustam, "Understanding the physicochemical
and transport properties of pyrazolium based ionic liquids bearing iodide and triiodide anions,"
Journal of Molecular Liquids, vol. 346, p. 118270, 2022.
https://doi.org/10.1016/j.molliq.2021.118270

[19] Z. K. Koi, W. Z. N. Yahya, R. A. A. Talip, and K. A. Kurnia, "Prediction of the viscosity of
imidazolium-based ionic liquids at different temperatures using the quantitative structure
property relationship approach," New Journal of Chemistry, vol. 43, no. 41, pp. 16207-16217,
2019. https://doi.org/10.1039/CINJ03436F

[20] M. R. Islam and C.-C. Chen, "COSMO-SAC sigma profile generation with conceptual
segment concept," Industrial & Engineering Chemistry Research, vol. 54, no. 16, pp. 4441-4454,
2015. https://doi.org/10.1021/1€503829b

[21] M. S. Khan, C. S. Liew, K. A. Kurnia, B. Cornelius, and B. Lal, "Application of COSMO-
RS in investigating ionic liquid as thermodynamic hydrate inhibitor for methane hydrate,"
Procedia engineering, vol. 148, pp. 862-869, 2016. https://doi.org/10.1016/j.proeng.2016.06.452

[22] T. Aissaoui, Y. Benguerba, and I. M. AlNashef, "Theoretical investigation on the
microstructure of triethylene glycol based deep eutectic solvents: COSMO-RS and
TURBOMOLE prediction," Journal of Molecular Structure, vol. 1141, pp. 451-456, 2017.
https://doi.org/10.1016/j.molstruc.2017.04.009

[23]1 R. A. A. Talip, W. Z. N. Yahya, and M. A. Bustam, "Viscosity and Ionic Conductivity of
Imidazolium based Ionic Liquids bearing Triiodide Anion," in E3S Web of Conferences, 2021,
vol. 287: EDP Sciences, p. 02015. https://doi.org/10.1051/e3sconf/202128702015

[24] J.-f. Liu, G.-b. Jiang, and J. A. Jénsson, "Application of ionic liquids in analytical
chemistry," TrAC Trends in Analytical Chemistry, vol. 24, no. 1, pp. 20-27, 2005.
https://doi.org/10.1016/j.trac.2004.09.005

454



Sustainable Processes and Clean Energy Transition - ICSUPCET2022 Materials Research Forum LLC

Materials Research Proceedings 29 (2023) 446-455 https://doi.org/10.21741/9781644902516-51

[25] W.-L. Yuan, X. Yang, L. He, Y. Xue, S. Qin, and G.-H. Tao, "Viscosity, conductivity, and
electrochemical property of dicyanamide ionic liquids," Frontiers in chemistry, vol. 6, p. 59,
2018. https://doi.org/10.3389/fchem.2018.00059

[26] R. Khalil, N. Chaabene, M. Azar, 1. B. Malham, and M. Turmine, "Effect of the chain
lengthening on transport properties of imidazolium-based ionic liquids," Fluid Phase Equilibria,
vol. 503, p. 112316, 2020. https://doi.org/10.1016/j.fluid.2019.112316

[27] J. Hao et al., "Development of proton-conducting membrane based on incorporating a
proton conductor 1, 2, 4-triazolium methanesulfonate into the Nafion membrane," Journal of
Energy Chemistry, vol. 24, no. 2, pp. 199-206, 2015. https://doi.org/10.1016/S2095-
4956(15)60301-1

[28] A. K. Mishra, T. Kuila, D.-Y. Kim, N. H. Kim, and J. H. Lee, "Protic ionic liquid-
functionalized mesoporous silica-based hybrid membranes for proton exchange membrane fuel
cells," Journal of Materials Chemistry, vol. 22, no. 46, pp. 24366-24372, 2012.
https://doi.org/10.1039/c2jm33288d

[29] M. D. Bennett, Electromechanical transduction in ionic liquid-swollen Nafion™
membranes. Virginia Polytechnic Institute and State University, 2005.

[30] A. P. Sunda, "Ammonium-based protic ionic liquid doped Nafion membranes as anhydrous
fuel cell electrolytes," Journal of Materials Chemistry A, vol. 3, no. 24, pp. 12905-12912, 2015.
https://doi.org/10.1039/C5TA02315G

455



	Prediction of the conductivity and compatibility of the selected ionic liquids (ILs) with Nafion™ using COSMO-RS
	Introduction
	Methods
	Results and Discussions
	Conclusion
	Acknowledgement
	References


