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Abstract. This study delves into the atomistic insights surrounding the use of task-
specific Deep Eutectic Solvents (DES) to enhance hydronium ion mobility in Graphene
Oxide (GO)-based Proton Exchange Membranes (PEMs). Employing advanced
computational modeling techniques, the research meticulously examines the optimized
structures and interaction energies of DES, hydronium ions, water molecules, GO, and
their various complexes. The findings reveal a strategic alignment of hydronium ions
and water molecules between the GO layers and DES, indicating robust interactions
that significantly facilitate proton transport. Notably, DES demonstrates favorable
energetic profiles, while the complex comprising GO, DES, water, and hydronium
ions showcases markedly enhanced stability relative to their isolated counterparts. This
enhanced stability underscores the efficacy of DES as potent additives for improving the
performance of PEMs. The study’s insights offer invaluable guidance for the rational
design of task-specific solvents and the development of customized membranes. By
highlighting the strong interactions and favorable energetics within these complexes,
the research provides a foundational understanding that can be leveraged to optimize
PEM performance, ultimately advancing the field of energy materials and fuel cell
technologies.

Keywords: proton exchange membrane, graphene oxide, hydronium ion, mobility,
density functional theory, quantum chemical calculations.
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Annorauusi. byn zeprrey rpagen Oxcuni (GO) HeriziHAeri mMpoOTOH anmacy
MemOpananapeinaa (PEMs) ruapoHuii MOHIAPBIHBIH KO3FAJNFBIIUTHIFBIH  apTTHIPY
YLIiH TancelpMara TOH TEepeH 3BTeKTHKaJbIK epiTkimrepai (DES) maliganany Typaisl
ATOMHCTIK TYCIHIKTEep/i 3epTTEeH/Ii.

XKeringipinren ecentey MoaemblIey OMICTEpiH KosjgaHa oTwIpbIn, 3eprrey DES,
THIPOHUN HMOHAAPBIHBIH, Cy MoJeKyltadapelHblH, GO jKoHEe onapAblH opTypii
KEIICH/CPIHIH  OHTAWJIaHIBIPBUIFAaH  KYPBUIBIMIAphl MEH ©3apa  JpeKeTTecy
SHEPTUSUIApPBIH  MYKHUST 3epTreiiai. HoTwxenep TuApOHMH WMOHAApPEI MEH Cy
MOJIEKyJaJIapbIHbIH apachlHAAFbl CTpPAaTETMsUIbIK colkecTikTi, GO KabarTapsl MeH
DES mnporoHnapablH TachIMalJaHyblH aWTapibIKTall JKCHUACTETiH CEHIMAl e3apa
OpeKeTTeCyNIepli KOpCceTe .

Bip xp3eirer, DES komaiinel sHepreTukanbik npoduiabaepii kepcereni, an GO,
DES, cy xoHe rupoHUi HOHAAPbIHAH TYPaThIH KEUICH OKIIayJaHFaH aHaJIOITapbIMEH
CaJIBICTBIPFaH/Ia aNTapibIKTall KaKcapThUIFAaH TYPaKTBUIBIKTBI KepceTeni. by
xakcaprbuiran TypakThulblK DES-tiH PEMSs eHiMAiNiriH apTTeIpy YIIiH Kocmaniap
peTiHAeri THIMIUTTH KepceTedi. 3epTTey HOTHXKENepl TalchlpMara apHajFaH
epITKIIITEpl YTRIMIBI K00anay KoHe TEHILEITeH MeMOpaHanap/sl 93ipyiey OOHbIHIIIA
Oara skernec ycwiHBICTap Oepemi. Ochl KelleHAEpHAEri e3apa opeKeTTecyiaep MeH
KOJIAiJIbl SHEPTreTHKaHbl KOpceTe OTHIPHIN, 3epTTey PEM eHIMIiNiriH oHTalnaHabIpy
YIIH NaianaHbuTybl MYMKIH ipresii TYCIHIKTEpAl KaMTaMachl3 €Te/li, CalbIll KeIreH e,
SHEPTeTHKAJIBIK MaTepHuajlap MEH OTBIH YSIIBIKTapbl TEXHOJIOTHsUIAPhl CajlachblH
inrepinereni.
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AHHOTalII/IH. 9t0 HCCIICA0OBAHUC PACKPLIBACT ATOMUCTUYCCKUC HUIACHU, CBA3AHHBLIC
C WCTOJL30BAaHUEM CIEIHATBHBIX TIIYOOKHX JBTEKTHUYeCKHX pactBoputeneil (DES)
JUTS. TIOBBIMICHHS] TIOABMKHOCTH WOHOB THIPOHHSI B MPOTOHOOOMEHHBIX MeMOpaHax
Ha ocHoBe okcupaa rpadena (GO). Mcnonb3ys mepenoBbie METOABI KOMITBEOTEPHOTO
MOJISIUPOBAHUS, B XOJIC UCCIICIOBAHUS ObLIH TIIATEIBLHO U3Y4YCHBI OITUMU3UPOBAHHbBIC
CTPYKTYpBI 1 3Hepruu B3aumoseiictsust DES, nonos Bogopoza, monekyn Bojbsl, GO u
HX pa3JIMYHbIX KOMITJICKCOB. HOJ’Iy‘IeHHBIe JaHHBIC CBUJCTCIILCTBYIOT O CTPATCI Y€ CKOM
PACIIONIO)KEHUN MOHOB THAPOHHS W MOJIEKYN Bombl Mexmy crossmua GO m DES, duro
YKas3bIlBaeT Ha YCTOWYMBBIC B3aMMOJCHCTBUS, KOTOpPbIE 3HAYUTEIHHO OOJIerdaroT
nepeHoc npotoHoB. IlpumeuarensHo, yto DES nemoHcTpupyeT OnmarompusiTHble
SHEPreTHYECKNE XapaKTePUCTUKU, B TO BpeMs KaK KOMIUIEKC, coctosimuii u3 GO,
DES, BozibI ¥ MOHOB THPOHUS, IEMOHCTPHPYET 3aMETHO MOBBIILICHHYIO CTAOMIBHOCTD
110 CpaBHCHUIO C UX U30JIUMPOBAHHBIMU aHaJIOTraMU. DTa MOBLINIEHHAST CTAOMIBHOCTE
nomuepkuBaeT 3pdexkrnBHOCT DES B KadecTBe MOITHBIX TO0ABOK IS YITYUIICHHS
xapakrepuctuk PEMS.

Pesynbrarel nccienoBaHus SBISIFOTCST OSCIEHHBIM PYKOBOJICTBOM JUISI PAIlHOHAIIb-
HOTO T10JI00pa PacTBOPUTEIIEH JIJIsl KOHKPETHBIX 3a/1a4 U pa3paOb0TKU HHIUBUIYaIbHbBIX
MemOpaHn. [loguepknBas TecHOe B3aUMOJACHCTBHE W ONAronpusSTHYIO SHEPTETHKY B
9THX KOMILIEKCAX, UCCIIeIoBaHuE JaeT (pyHIaMeHTaIbHOE TIOHUMaHKe, KOTOPOE MOXKET
OBITH MCITONB30BAHO JJISI ONTHMH3AINA TPON3BoaUTEeNsHOCTH [IOM, 9TO B KOHEYHOM
WTOTE TIPUBEAET K PAa3BUTHIO OOJIACTH DHEPIeTUYECKUX MaTepUaloB W TEXHOJIOTUH
TOTIJTUBHBIX SJIEMEHTOB.
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KioueBsble ciioBa: mporoHooOMeHHast MeMOpaHa, OKCH]I Tpad)eHa, HOH THAPOHUS,
MOABUKHOCTD, TCOPUA (1)}’HKI.[HOH2UI3 IIJIOTHOCTH, KBAHTOBO-XMUMUYCCKHUE PACYCTHI.

Introduction

Fuel cells stand as a beacon of innovation in the realm of energy conversion,
offering a highly efficient alternative to traditional combustion-based power generation
methods. These electrochemical current sources facilitate the direct conversion of fuel
and oxidizer energy into electrical energy, circumventing the inefficiencies inherent in
combustion processes and boasting energy efficiency levels that can soar to remarkable
heights, ranging from 70% to 90%. The unique design of fuel cells, featuring specialized
porous electrodes (anode and cathode), catalyzed predominantly by palladium, enables
the efficient conversion of chemical energy from hydrogen and oxygen into electrical
energy, heat, and water (Jiao, et al, 2021). With their low emission footprint, fuel cells
emerge as environmentally friendly energy generation solutions, emitting only water
vapor and minimal amounts of carbon dioxide when pure hydrogen is utilized as the fuel.

Among the diverse array of fuel cell technologies, proton exchange membrane
fuel cells (PEMFCs) have garnered significant attention due to their advantageous
characteristics, including high proton ion conductivity, flexibility in fuel input, and
compact design. Proton exchange membranes (PEMs), serving as the heart of PEMFCs,
facilitate the transportation of protons through hydrophilic channels, thereby enabling
efficient electrochemical reactions at the anode and cathode interfaces (Peighambardoust,
et al, 2021; Wakizoe, et al, 1995; Sopian, et al, 2006; Le, et al, 2008; Cheddie, et al,
2005).

Graphene oxide (GO)-based proton exchange membranes emerge as promising
candidates to address the aforementioned challenges, offering high efficiency in energy
conversion and low ohmic resistance. In our previous work (Kemelbekova, 2023) we
investigated the ion transport in poly(acrylic acid) and graphene oxide-based proton
exchange membranes, which provided the foundation for the current study focused on
enhancing membrane performance using deep eutectic solvents (DES). In addition to
serving as efficient separators of electrochemical reactions, these membranes play a
pivotal role in enhancing proton conductivity within fuel cells (Myrzabekova, 2014;
Ren, 2020; Kahraman, 2024; Um, 2000; Luo, 2018; Boettner, 2002; Majlan, 2018). To
further enhance the performance of PEMs, researchers have explored the incorporation
of various solvents, including deep eutectic solvents (DESs), ionic liquids, and
benzimidazole derivatives, as substitutes for water in facilitating proton transportation.
DESs, in particular, represent a novel generation of ionic liquids characterized by their
cost-effectiveness, environmentally friendly nature, and ease of synthesis.

The utilization of DESs in PEMs necessitates careful consideration of several
factors, including thermal stability, viscosity, and the method of integration into the
PEM matrix. Notably, DESs composed of ethylene glycol (EGL) and sodium halides
exhibit favorable proton conductivity ranges for PEMFC applications (Janssen, 2001;
Sivertsen, 2005; Pandey, 2017; He, 2014; Huang, 2018; Peng, 2016). However, gaining
insights into the formation mechanisms of DESs and their structural organization within
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GO-based PEMs at the molecular level is imperative to optimize fuel cell operations
and develop PEMs with enhanced functional characteristics.

Computer modeling and simulations emerge as indispensable tools for elucidating
the formation mechanisms of DESs and their applications in PEMs for hydronium ion
transportation. By leveraging computational techniques, researchers can expedite the
exploration of DES candidates with desirable properties, thereby reducing both time
and costs associated with experimental endeavors (Xu, 2023; Wong, 2018; Zhang,
2019; Cheddie, 2005; Moreira, 2009).  Furthermore, Density Functional Theory
(DFT) calculations offer a platform for gaining detailed insights into the formation and
applications of DESs in PEMs at the molecular level, paving the way for the development
of innovative fuel cell technologies with enhanced efficiency and sustainability.

In this work, we delve into the atomistic insights into task-specific deep eutectic
solvents, focusing on their role in enhancing hydronium ion mobility in graphene oxide-
based proton exchange membranes for fuel cell applications. Through computational
modeling and simulations, coupled with experimental validation, we aim to unravel
the intricate molecular mechanisms underlying the formation and functionality of task-
specific DESs within PEMs, thereby advancing the frontier of fuel cell technology
towards greater efficiency and sustainability.

Materials and Methods

The investigation into the quantum chemical and structural properties of task-specific
deep eutectic solvents (DESs) and their interaction with graphene oxide-based proton
exchange membranes (PEMs) was conducted using computational simulations. Herein,
the representative model of DESs comprised a mixture of choline chloride and urea in
a 1:2 ratio. At the same time, PEM model consisted of graphene oxide (GO), water, and
hydronium ions.

In this study, DFT calculations were employed to investigate the interactions
between choline chloride, urea, and their mixture with hydronium ions in the presence
of graphene oxide. The software Gaussian09 Rev. E.01, utilizing the PM6 method, was
utilized for these calculations, which were further visualized using the GaussView 5.0
program package.

The first step in the computational analysis involved the optimization of initial
structures. Pure choline chloride, pure urea, and the task-specific deep eutectic solvent
(DES) were subjected to DFT calculations to obtain their optimized structures.
Subsequently, complexes involving choline chloride, urea, and DES with hydronium
ions and graphene oxide were generated and further optimized

Following the structure optimization, various parameters were calculated to
characterize the complexes. Additionally, frequency calculations were performed to
verify the stability of the optimized structures. The absence of negative frequencies
indicates that the structures correspond to the global energy minimum, ensuring their
reliability for further analysis.

The structural and energetic parameters obtained from the DFT calculations were
then analyzed to gain a deeper understanding of the quantum chemical and structural
properties of the DESs and their interactions with the PEMs (Proton Exchange
Membranes).
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Fig 1. 3D representation of ChCl, Urea, and Graphene Oxide

To aid in the visualization and interpretation of the computational results, Figure 1 was
generated to represent all the optimized structures and complexes. Visual representation
of the molecular structures offers an intuitive understanding of their spatial arrangement
and interactions, facilitating the interpretation of the computational data.

Results and Discussions

The study delves into the structural optimization and orbital energies of Choline
Chloride (ChCl), Urea, and Deep Eutectic Solvent (DES) formed by their combination.
Through molecular modeling, the researchers explored the configurations and electronic
properties of these compounds, shedding light on their potential applications in various
fields. This analysis aims to dissect the implications of the findings and their significance
in the realm of chemical research and application.

[l )] | Urea) (DES) *L

Fig 2. Optimized structures of ChCl, Urea, and DES

Table 1 — Energies of ChCl, Urea, and DES

ChCl Urea DES
Energy (kJ/mol) -277.87 -205.79 -791.73
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The structural optimization of molecules such as ChCl (choline chloride), urea, and
DES (deep eutectic solvent) through computational methods offers invaluable insights
into their preferred configurations and the intricate network of intermolecular interactions
governing their behavior. In Figure 2, a detailed depiction of these optimized structures
reveals the spatial arrangement of atoms and the formation of molecular complexes.
Notably, in the case of ChCl, the chloride ion tends to position itself proximal to the
nitrogen atom of choline. This arrangement suggests a favorable interaction between
the chloride ion and the choline moiety, likely facilitated by electrostatic forces and
hydrogen bonding.

Upon the addition of two urea molecules to ChCl, the formation of DES occurs. In
this complex, the chloride ion assumes a pivotal role, sandwiched between the nitrogen
atom of choline and one urea molecule. Simultaneously, the second urea molecule
interacts with the first one, forming a cohesive molecular structure. This arrangement
underscores the intricate nature of DES formation, where multiple molecules coordinate
to create a stable solvent environment.

To quantitatively assess the stability of these molecular species, optimized energies
are computed and presented in Table 1. The energy associated with a single ChCl
molecule is determined to be -277.87 kJ/mol, reflecting the stability of this individual
component within the system. Similarly, the energy of a lone urea molecule is calculated
to be -205.79 kJ/mol, indicating its inherent stability in isolation.

However, the most intriguing observation arises from the formation of DES. When
one ChCl molecule associates with two urea molecules to form the DES complex, a
significant decrease in energy is noted, resulting in an energy value of -791.73 kJ/mol.
This substantial reduction in energy compared to the sum of individual components
underscores the remarkable stability achieved within the DES structure. The emergence
of such a stable configuration highlights the synergistic effects arising from the
interactions between ChCl and urea molecules. These interactions likely involve a
combination of hydrogen bonding, electrostatic forces, and van der Waals interactions,
which collectively contribute to the enhanced stability of the DES complex.
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Fig 3. HOMO-LUMO orbitals of ChCl, Urea, and DES
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The analysis of Highest Occupied Molecular Orbital (HOMO) and Lowest
Unoccupied Molecular Orbital (LUMO) energies provides crucial information about
the electronic structure and reactivity of the molecules (Figure 3). In ChCl, the HOMO
is observed at -8.41 eV, primarily populated around the chloride ion, indicating
its involvement in electron donation or sharing. Conversely, the LUMO at 0.30 eV
is populated around the nitrogen, carbon, and carboxy groups of choline, suggesting
potential sites for electron acceptance or interaction. Urea exhibits different orbital
characteristics, with a HOMO at - 10.66 eV, predominantly populated around nitrogen
atoms and carbons. This suggests its potential as an electron donor. The LUMO at 1.00
eV is distributed around nitrogen, carbon, and oxygen atoms, indicating its ability to
accept electrons. Upon the formation of DES, changes in orbital energies reflect the
altered electronic interactions within the system. The HOMO of DES is found to be
-8.65 eV, with significant population around the chloride ion, indicating its involvement
in the electron-sharing process. The LUMO at 0.046 eV is primarily populated around
choline, suggesting its role in electron acceptance.
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Fig 4. Optimized structures of DES, hydronium ion, water, GO, and GO+DES complex in the
presence of hydronium ion and water

The study delves into the atomistic insights of task-specific Deep Eutectic Solvents
(DES) and their role in enhancing hydronium ion mobility in Graphene Oxide-based
Proton Exchange Membranes (PEMs) (Figure 4). Through computational modeling,
the researchers investigated the optimized structures and energies of DES, hydronium
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ion, water, Graphene Oxide (GO), and their complexes. This analysis aims to elucidate
the molecular interactions and energy landscapes within these systems, shedding light
on their potential applications in PEM technology. The figures presented illustrate the
optimized structures of DES, hydronium ion, water, GO, and the GO+DES complex in
the presence of hydronium ion and water. It is observed that hydronium ions and water
molecules are strategically positioned between GO and DES molecules, particularly
near oxygen or carboxy group sides. This arrangement suggests strong interactions
between the components, potentially facilitating proton transport and enhancing
membrane conductivity.

Table 2: Energies of DES, Hydronium ion, water, GO, and GO+DES complex in the
DES Water Hydronium |GO GO+DES+Hydronium+Water

Energy (kJ/ |-791.73 -226.86 -268.61 -823.76 -1491.91
mol)

The optimized energies obtained from computational simulations offer profound
insights into the stability and energetics of the molecular systems under investigation,
as illustrated in Table 2. One of the key findings is that DES (Deep Eutectic Solvent)
demonstrates a notably favorable energy of -791.73 kJ/mol, suggesting a configuration
that is highly stable. This insight is crucial for understanding the behavior of DES in
various applications where stability is a critical factor. Similarly, the energies associated
with water and the hydronium ion are determined to be -226.86 kJ/mol and -268.61
kJ/mol, respectively. These values indicate the stable presence of both water and the
hydronium ion within the molecular system, providing essential information for studies
related to aqueous environments and electrolyte solutions.

On the other hand, graphene oxide (GO) exhibits a relatively high energy of -823.76
kJ/mol. This higher energy level is indicative of the complex structure and intricate
interactions within GO. Understanding the energetics of GO is crucial due to its wide-
ranging applications in fields such as electronics, energy storage, and biomedicine.
The relatively high energy of GO underscores the need for careful consideration of its
behavior and interactions in various environments.

Of particular interest is the energy of the complex formed by GO, DES, water, and
the hydronium ion, which is significantly lower at -1491.91 kJ/mol compared to the sum
of the energies of the individual components. This observation highlights the presence
of strong synergistic effects within the complex, resulting in enhanced stability. The
substantial decrease in energy suggests that the interactions between GO, DES, water,
and the hydronium ion are highly favorable, leading to a more stable configuration than
what would be expected from the mere sum of individual energies.

Conclusion

Our study provides valuable insights into the role of task-specific Deep Eutectic
Solvents (DES) in enhancing hydronium ion mobility within Graphene Oxide (GO)-
based Proton Exchange Membranes (PEMs). The optimized structures and energetic
landscape elucidate the strategic positioning of hydronium ions and water molecules
between GO and DES, indicating strong molecular interactions conducive to proton
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transport. Moreover, the favorable energetics of DES and the significant decrease in
energy observed in the GO+DES+water+hydronium ion complex underscore the
synergistic effects and enhanced stability imparted by the incorporation of DES into
PEMs.

These findings hold promising implications for the advancement of PEM technology,
particularly in applications such as fuel cells and water electrolysis, where proton
conductivity and membrane stability are critical. By leveraging task-specific DES as
additives, researchers can effectively tailor PEM properties to meet specific performance
requirements, thus accelerating the development of next-generation proton exchange
membranes.

Moving forward, further experimental validations and performance assessments
are warranted to corroborate the computational predictions and elucidate the practical
implications of DES-enhanced PEMs. Additionally, continued research into the design
and optimization of task-specific solvents and membrane materials will be instrumental
in realizing the full potential of DES-based approaches for PEM technology. Overall,
this study contributes to the ongoing efforts in advancing proton exchange membrane
systems for sustainable energy and environmental applications.
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National Academy of Sciences of the Republic of Kazakhstan

For information on Ethics in publishing and Ethical guidelines for journal publication see http://
www.elsevier.com/publishingethics and http://www.elsevier.com/journal-authors/ethics.

Submission of an article to the National Academy of Sciences of the Republic of Kazakhstan implies
that the work described has not been published previously (except in the form of an abstract or as
part of a published lecture or academic thesis or as an electronic preprint, see http://www.elsevier.
com/postingpolicy), that it is not under consideration for publication elsewhere, that its publication
is approved by all authors and tacitly or explicitly by the responsible authorities where the work was
carried out, and that, if accepted, it will not be published elsewhere in the same form, in English or
in any other language, including electronically without the written consent of the copyright-holder. In
particular, translations into English of papers already published in another language are not accepted.

No other forms of scientific misconduct are allowed, such as plagiarism, falsification, fraudulent
data, incorrect interpretation of other works, incorrect citations, etc. The National Academy of Sciences
of the Republic of Kazakhstan follows the Code of Conduct of the Committee on Publication Ethics
(COPE), and follows the COPE Flowcharts for Resolving Cases of Suspected Misconduct (http://
publicationethics.org/files/u2/New_Code.pdf). To verify originality, your article may be checked by
the originality detection service Cross Check http://www.elsevier.com/editors/plagdetect.

The authors are obliged to participate in peer review process and be ready to provide corrections,
clarifications, retractions and apologies when needed. All authors of a paper should have significantly
contributed to the research.

The reviewers should provide objective judgments and should point out relevant published works
which are not yet cited. Reviewed articles should be treated confidentially. The reviewers will be
chosen in such a way that there is no conflict of interests with respect to the research, the authors and/
or the research funders.

The editors have complete responsibility and authority to reject or accept a paper, and they will
onh accept a paper when reasonably certain. They will preserve anonymity of reviewers and promote
publication of corrections, clarifications, retractions and apologies when needed. The acceptance of a
paper automatically implies the copyright transfer to the National Academy of sciences of the Republic
of Kazakhstan.

The Editorial Board of the National Academy of sciences of the Republic of Kazakhstan will monitor
and safeguard publishing ethics.
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