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Abstract: The development of new electrolyte solutions with improved characteristics is a key challenge for creating high-
performance batteries, fuel cells, supercapacitors, and other electrochemical devices. The study of the potential energy
landscape (PEL) plays an important role in this process, providing information about the interactions between solution
components at the molecular level. In this work, we review the practice of applying PEL research methods based on
classical and quantum-chemical algorithms to analyze the structure, dynamics, and thermodynamic properties of
electrolyte solutions. Intermolecular and ion-molecular interactions at the microscopic level, which determine the
macroscopic properties of the electrolyte solution, are considered in detail. The importance of identifying stable
configurations of ions and their solvates is emphasized. PEL analysis allows for the systematic determination of the most
probable structures and complexes formed in solution, which is important for understanding ion transport mechanisms.
The study of the PEL allows for the determination of the energy barriers that must be overcome for ion migration,
which is related to the conductivity of the electrolyte. The application of PEL research methods in combination with
experimental data opens up new possibilities for the rational design of electrolyte solutions with desired physicochemical
properties.
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AnHoTanus: Pa3paboTka HOBBIX 3JIEKTPOJIMTHBIX PACTBOPOB C YIYUIIEHHBIMH XapaKTEPHUCTUKAMHU SBIIETCS KIIOYEBOM
3amaveil Ui CO3MaHMUs BBICOKOI((EKTUBHBIX aKKyMYJIITOPOB, TOIUIMBHBIX 3JIEMEHTOB, CYNEPKOHAECHCATOPOB U IPYTHX
AIIEKTPOXMMHUUECKHX YCTpoiicTB. MccnenoBanue nanamadTa noreHuuanbHoi sneprun (JIIID) wurpaer BaxkHyio poiib
B 3TOM IMpOIIecce, MPEAOCTaBIsI HHGOPMAIIHIO O B3aUMOJICHCTBUAX MEXKIYy KOMIIOHCHTaMH PacTBOpa Ha MOJICKYJISIPHOM
ypoBHe. B nmaHHO# paboTe paccMOTpeHa MpakTHKa MNPUMEHEHHST METOJO0B wucciemoBanus JI[ID, OCHOBaHHBIX Ha
KJIACCUYECKMX U KBAaHTOBO-XUMHUYECKUX allOPUTMax, Ji1 aHajiu3a CTPYKTYpbl, JWHAMUKH M TEPMOJIMHAMUYECKHX
CBOWMCTB 3JICKTPOJIUTHBIX pacTBOpoB. [loApoOHO paccMaTpHUBAIOTCS MEXKMOJICKYISIPHBIC W HOH-MOJICKYJISPHBIC
B3aUMOJICHCTBUSI HA MHUKPOCKOIIMYECKOM YPOBHE, OMNpPENEISIONINEe MAKPOCKONUYECKUE CBOWCTBA 3JIEKTPOJUTHOIO
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pactBopa. IloguepkHyTa Ba)KHOCTh UACHTH(PHUKAINN CTaOMIBHBIX KOH(MUTYpAIlMii HOHOB U WX coybBaToB. AHamu3 JIIID
MO3BOJISIET CUCTEMATHUECKH ONPEEISITh Hanboee BEPOSTHBIE CTPYKTYPbI U KOMILIEKCHI, 00pa3yroIuecs B pacTBOPE, YTO
Ba)KHO JUT TIOHMMAaHUsI MEXaHN3MOB MOHHOTO TpaHcnopTa. MccnenoBanue JIIID no3BonseT onpeaenuTh 3HEPreTHUECKHe
Oapbepbl, KOTOpble HEOOXOAMMO MNPEOoJONeTh Uil MUrPald HOHOB, YTO CBS3aHO C IPOBOJMMOCTBIO 3JIEKTPOJIUTA.
le/IMeHeHI/Ie METOAOB HCCIICAOBAHUA JIIID B coueTanun c OKCIICPUMECHTAJIbHBIMUA  JAaHHBIMHU OTKPBLIBACT HOBBLIC
BO3MOXKHOCTH ISl PAllMOHAIBLHOTO JiM3aifHa O3JIEKTPOJIMTHBIX pAcTBOPOB C TpeOyeMbIMU (H3HKO-XUMHUYECKUMU
CBOMCTBaMH.

KaioueBble ci10Ba: 3IEKTPOIMUTHBIM PacTBOP; MOJEKYJISIPHOE MOJCIMPOBAHHUE; MOJICKYJSIpHAS IUHAMHKA; KBAaHTOBAs
XUMHUS; TaHAMAa(T MOTeHINAIBHOM SHEPTHH.

s uutupoBanus: Andreeva NA, Chaban VV. The role of potential energy landscape exploration in the development of
new electrolyte solutions. Journal of Advanced Materials and Technologies. 2025;10(4):364-375. DOI: 10.17277/jamt-
2025-10-04-364-375

1. Introduction

Due to the rapid growth of household appliances
powered by the electrical grid, modern humanity is
increasingly in need of additional and more efficient
energy sources. This remark applies equally to both
primary energy sources and rechargeable devices,

among which portable electronics (phones, tablets, 5 ‘:\\‘t‘ 5
. . o
laptops) deserve special mention [1-4]. The concept . et

of a potential energy landscape (PEL) is an imaginary
multidimensional surface that describes the potential
energy of a system depending on the internal
coordinates of its components (Fig. 1). It is important
to emphasize that, although the instantaneous
potential energy of a system is a scalar quantity, the
PEL is a multidimensional hypersurface, where the
axes represent the coordinates of all particles, and the
energy axis represents the corresponding potential Fig. 1. Model PEL for a small section

energy value for each possible configuration. of an arbitrary electrolyte system

Thus, studying PEL allows us to analyze the

dependence of a system’s energy on its geometry, Currently, there is a rapid gI'OWth in research in
identifying stable states (minima on PEL) and the the field of electrochemical devices such as lithium-
energy barriers between them, which determines the ion batteries [7-9], sodium-ion batteries [10, 11],

thermodynamics and kinetics of the processes being magnesium-ion batteries [12], solid-state batteries,
studied in electrolytes. fuel cells [13-15], supercapacitors [16—18], and

In the context of electrolyte solutions, PEL elc?ctrolyzers [19*21,]‘ This apademic interest s
reflects the interactions between ions, solvent driven by the steadily increasing need to produce

molecules, electrodes, technologically determined efﬁ(:lent. and tsuStaflzlgElzes] eIIlergi’ld_tS.tora%e 1an(}
additives, and other system components. Systematic conversion Sysiems - 0 addiion o foca

analysis of PEL provides valuable information on peeds, electrocl.lemwal. devices naturally play an
. . . . important role in solving such global problems of
possible microscopic states of the solution, the

i . i . civilization as climate change and depletion of fossil
mechanisms of solvation and ion transport during

i . ) . fuels. Electrolytes, acting as a medium for ion
charging and discharging, and thermodynamic

k ; transport between electrodes, play a key role in the
properties [3, 6]. PEL can use the potential energy of  f¢tioning efficiency and durability of these devices.

the system, the total energy of the system, or other  Ejectrolytes directly affect the most important
thermodynamic potentials as energy, depending on  performance characteristics of electrochemical
the desired interpretation of the concept. Using the  devices such as efficiency, power, cycle life,
total energy of the system allows for the study of  operating temperature range, and safety [26, 27].
electrolyte systems under conditions of finite A particular requirement of modern society is the
temperature and pressure. environmental friendliness, or at least relative

Andreeva N.A., Chaban V. V. 365



Journal of Advanced Materials and Technologies. 2025. Vol. 10, No. 4

environmental friendliness, of the batteries used.
The cost of recycling a chemical power source must
be included in the overall cost of energy technology
developed in today’s globalized world. Along with
environmental friendliness, the issue of battery safety
for the end user is important.

Currently existing electrolytes often do not fully
meet the requirements of modern electrochemical
devices [27]. For example, organic electrolytes,
widely used in lithium-ion batteries, have limited
ionic conductivity and proportionally high viscosity,
a narrow electrochemical window, high flammability,
and toxicity. Highly viscous electrolyte solutions
create additional challenges in their development and
production. It should be noted that wviscosity is
inversely proportional to ionic conductivity.
The development of chemical power sources with
reduced viscosity will automatically increase their
electrical conductivity. lonic conductivity is one of
the most important characteristics of an electrolyte,
and its high value makes this ion-molecular system
technologically competitive [28]. The development of
new electrolyte solutions with improved properties,
such as high ionic conductivity, a wide
electrochemical window, low viscosity, and high
thermal and chemical stability, is a critical task for
the creation of more efficient, safe, and durable
electrochemical devices [28, 29]. Achieving this goal
requires a deep understanding of the relationship
between the composition, structure, and properties of
electrolytes at the molecular level of organization.

Traditional experimental methods, such as
measuring conductivity, viscosity, density, and
electrochemical  stability,  provide  valuable

information on the macroscopic properties of
electrolytes. However, they do not always provide
a complete understanding of the molecular
mechanisms underlying the observed phenomena.
In recent years, PEL analysis has become a powerful
tool for studying electrolyte solutions and rationally
improving their performance. PEL analysis, based on
molecular modeling methods such as quantum
chemical calculations and classical molecular
dynamics, provides detailed information on the
interactions between solution components, i.e., ion-
molecular and intermolecular electrostatic forces.
The latter determine the equilibrium properties of the
electrolyte solution [30-33].

Cations, anions, solvent molecules, and
molecular additives influence the macroscopic
properties of the electrolyte. For example, PEL
studies can reveal preferred configurations of ion
solvates, energy barriers for ion transport activation,
and the influence of temperature and composition on

the structure, transport, and macroscopic properties of
the electrolyte [34-36].

In this paper, we present a critical review of
recent applications of PEL studies based on classical
and quantum chemical algorithms to analyze the
structure, dynamics, and thermodynamic properties of
electrolyte solutions [5, 22, 37, 38].

2. Results and Discussion

Calculations in theoretical chemistry and
molecular physics are a powerful tool for studying
PEL of electrolyte solutions. They enable modeling
interactions between system components at the
atomic level and obtaining detailed thermodynamic
information about the structure and dynamics of the
solution [39—42]. Subsequently, the thermodynamic
characteristics of PEL can be translated into the
language of electrochemical and physicochemical
properties related to the experimentally obtained
characteristics [5].

Numerical methods for calculating the potential
energy of an ion-electron system from first principles,
based on the fundamental laws of quantum
mechanics, provide highly accurate results for
parameterizing PEL. Unfortunately, they require
significant computational resources and cannot be
applied to systems of significant size due to the
fundamental impossibility of obtaining the analytical
solution to the wave equation for multielectron
problems. The density functional theory (DFT)
method is a less resource-intensive method that is
widely used to calculate the electronic structure and
properties of molecules, thermodynamic phases, and
materials [7, 43-45]. The result of the DFT
calculation of an electrolyte system is both the total
potential energy and the forces acting on each atom,
cation, or anion.

Classical molecular dynamics (MD) uses the
classical laws of motion to model the motion of
atoms and molecules [46, 47]. Classical MD does not
consider electrons as individual interaction centers.
Atoms interact with each other via simple potentials
[48]. Potential functions are parameterized in advance
based on quantum chemical or experimental data.
During MD modeling, the potential energy of the
system depends only on the distance between each
two interacting centers at the current time.
This method allows one to study the dynamics of the
system and obtain information about its transport
properties. For example, within the framework of
classical MD modeling, there are methods for
calculating the self-diffusion of solvent molecules
and the conducting subsystem of the electrolyte, as
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well as the ionic conductivity and viscosity of
a multicomponent electrolyte system as a whole
[46, 47, 49, 50].

Ab initio MD combines the principles of
quantum mechanics and molecular dynamics,
enabling the modeling of chemical reactions and
other processes involving changes in electronic
structure. An important practical advantage of
Ab initio MD is its ability to correctly describe the
effects of electron polarization and partial
displacement of electron density without preliminary,
labor-intensive parameterization of this physical
process for different combinations of functional
groups [10, 51]. Electronic polarization is an
extremely common phenomenon in ion-molecular
systems, capable of significantly affecting the
structures  of  solvate complexes and the
thermodynamics of the solvation process itself.
The magnitude of electron polarization is directly
proportional to the difference from zero of the formal
charge of the participating cation or anion. While
Ab initio MD is capable of producing more realistic
simulation results, its cost is orders of magnitude
higher than that of classical MD simulation.
Therefore, Ab initio MD can only be used for isolated
ion clusters and ionic solvates [10].

The Monte Carlo Metropolis method is an
alternative to molecular dynamics for studying the
motion of a system along PEL [52—55]. This method
is wused to generate system configurations
corresponding to a given probability distribution.
The system follows the direction belonging to PEL,
which corresponds to a decrease in the potential
energy of the system [56]. Unlike MD, the evolution
of the system does not require the calculation of
energy gradients (forces acting on atoms) and does
not use a time step for integrating the equations of
motion. The predominant area of application of the
method turned out to be equilibrium physicochemical
systems [39, 53, 56-59]. Consequently, the most
natural application of the Monte Carlo Metropolis
method seems to be the possibility of studying
thermodynamic properties and phase transitions
[6, 60-61].

The kinetic energy injection method allows one
to purposefully search for low-energy stationary
points by periodic kinetic excitation of the system
under study [12, 62, 63]. This method combines
equilibrium semi-empirical MD with a stochastic
component. While MD modeling progressively leads
the system to its minimum potential energies,
artificially introduced excitation allows one to avoid
lingering in local potential valleys. Thus, the system
quickly finds itself in realistic microscopic ion-

molecular configurations regardless of the energy of
an arbitrarily chosen initial state. It is worth noting
that a certain modification of particle momenta does
not lead to the formation of unphysical ion-molecular
configurations, but at the same time changes the
current phase trajectory of the system [10, 64—66].
Thus, kinetic energy injection, compared to the
standard MD method, allows the system to visit
a larger number of microscopic states of its own
phase space (Fig. 2).

Experimental  research  methods  provide
important information on the structure and dynamics
of electrolyte solutions, which can be used to validate
and refine theoretical models. X-ray diffraction
allows one to determine the spatial arrangement of
atoms and molecules in solution [68]. Neutron
diffraction is sensitive to light atoms such as
hydrogen, making it useful for investigating the
structure of solvents [38]. Nuclear magnetic
resonance spectroscopy provides information on the
local structure and dynamics of molecules in solution
[69]. Raman spectroscopy is used to study the
vibrational modes of molecules and obtain
information  on  intermolecular  interactions.
Electrochemical methods such as cyclic voltammetry,
impedance spectroscopy, and others allow one to
study the electrochemical properties of solutions and
the kinetics of electrode reactions [66].

PEL has a fundamental influence on various
properties of electrolyte solutions, which determine
their effectiveness in various applications. Ionic
conductivity is a key parameter of electrolytes,
determining the efficiency of charge transfer in
electrochemical devices. PEL influences ionic
conductivity in the following ways. PEL determines

Fig. 2. Solvation shell of the imidazolium cation
in a mixture of water and methanol. Reproduced
from the author’s source [67] with permission from Elsevier.
Copyright Elsevier (2024)
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the energy barriers that ions must overcome to move
in solution. The lower the activation energy, the
higher the ionic mobility and, consequently, the
conductivity of the electrolyte solution. PEL reflects
the coordination of ions by the solvent, which in turn
affects their mobility. PEL contains information
about the strength of interactions between ions and
the formation of ion pairs. The combination of
cations and anions in an electrolyte solution is
considered undesirable in the context of practical
applications, as it leads to a decrease in ionic
conductivity. Electrolyte development involves
selecting optimal concentrations of all its components
to minimize the formation of ionic aggregates.
The dependence of ionic conductivity on the mole
fraction of ions in the electrolyte contains a
maximum corresponding to the desired properties of
the system (Fig. 3).

The electrochemical stability of an electrolyte
determines its ability to resist decomposition at high
voltages, which is critical for the operation of

[EMIM][BF ]

o
<

D

[BMIM][BF ]

lonic conductivity, S/m

0 20 40 60 80 100
Molar fraction of RTIL, %
Fig. 3. Calculated maximum conductivity in mixtures
of ionic liquids, [EMIM][BF4] and [BMIM][BF4],
with acetonitrile at 283 K (red circles), 298 K
(green squares), and 323 K (blue triangles).
Reproduced from the author’s source [70]

with permission from the American Chemical Society.
Copyright ACS (2024)

batteries and other devices [71]. The shape of certain
PEL regions and specific energy differences in the
system describe electrochemical stability.
In particular, PEL determines the energy required to
decompose solvent molecules or other electrolyte
components. Interactions with electrodes can also be
reflected in PEL if they were included in the model
system during the theoretical study of the landscape.
PEL determines the energy of interaction between the
electrolyte and the electrodes and provides an
estimate of the possibility of the formation of
passivation layers or the occurrence of other
undesirable reactions [72].

Electrolyte viscosity affects the transport
properties and the operating efficiency of
electrochemical devices [73, 74]. Viscosity is

associated with energy gradients observed in PEL.
Intermolecular interactions that determine PEL
characterize the strength of interactions between
solvent molecules and ions, which affects the
viscosity of the solution.

PEL reflects the possible microscopic states of
the electrolyte solution at different temperatures and
pressures. The structure of an electrolyte solution,
among other things, implies the formation of clusters
or other ordered structures, which can also
dramatically affect viscosity.

Therefore, information on PEL can be used for
the rational design of new electrolyte solutions with
improved characteristics. PEL analysis enables the
selection of the most suitable solvent that ensures
optimal ion solvation and minimal activation energy
for ion transport. PEL allows for the quantitative
assessment of the strength of interactions between
ions and the selection of a salt that minimizes ion
association and ensures high ionic conductivity.
PEL also allows for the study of the influence of
additives on the structure and properties of an
electrolyte, such as viscosity, electrochemical
stability, and electrode wettability [75].

For the past two decades, ionic liquids have been
considered a promising basis for liquid electrolyte
systems. The low volatility of these compounds
eliminates electrolyte loss at any stage of production
and operation of a chemical power source. Some
ionic liquids exhibit only minor toxicity to humans
and animals or are generally considered harmless.
The wide range of liquid states, especially at low
temperatures, opens up new frontiers for the
application of such electrolytes. Because ionic liquids
do not contain molecules, their use as electrolytes
enables previously unheard-of concentrations of
cations and anions in the system. However, a current
problem is the high viscosity and, consequently, the
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mediocre electrical conductivity of these chemical
compounds. To stimulate ion transport in electrolytes,
optimal mixtures of ionic and molecular liquids are
being developed, for example, those containing
acetonitrile, methanol, or propylene carbonate [76].
PEL enables the study of the structure and properties
of ionic liquids, as well as the above-described
mixtures, which remain promising electrolytes for
various electrochemical applications [70].

Beyond the scope of electrolyte solutions, the
versatility of PEL as a source of information on a
wide range of chemical and physicochemical
properties of a prototype system should be noted.
Similar to the cases described above, studying PEL
allows us to investigate the mechanisms of ion
transport in solid and polymer electrolytes and
develop new materials with higher ionic conductivity.
This goal can potentially be achieved by suppressing
undesirable atom-atom interactions. Naturally, such
modification of the electrolyte system also requires
synthetic efforts on the part of the electrochemical
laboratory.

Ion migration in liquid electrolyte solutions
is a complex physical process that requires
overcoming certain energy barriers. These barriers
arise from the interaction of the migrating ion with
surrounding atoms or molecules. For ion migration in
an electrolyte, several significant energy barriers of
varying heights must be overcome. The specific
values of the activation barriers within ion transport
depend on the nature of the solvent and the
electrostatic charge of the ion. For example, it is well
known that the solvation of cations in the vast
majority of cases is described by higher potential
energies than the solvation of anions [77].

Using PEL, it is possible to calculate the
activation energy for an ion to leave its solvation
shell. Ions in an electrolyte are surrounded by solvent
molecules, forming a solvation shell. For an ion to
begin moving, it must break these bonds, which
requires energy. Next, it must overcome an energy
barrier to move the ion through the electrolyte.
Ion movement in the electrolyte is hindered by
interactions with other ions and solvent molecules.
The ion must overcome electrostatic attraction and
repulsion forces, as well as van der Waals forces.
An energy barrier also accompanies the ion's entry
into its new solvation shell. When the ion reaches its
destination, it must form new bonds with solvent
molecules to create a new solvation shell. A correctly
calculated PEL contains complete thermodynamic
information characterizing the processes described
above [78].

The following factors influence the heights of
energy barriers. The type of solvent and solutes
initially determines the energy barriers. For example,
solvent viscosity affects the energy required for ion
movement. The higher the ion concentration, the
stronger the interaction between them, which
increases energy barriers. Increasing temperature
increases the kinetic energy of ions, which helps them
overcome energy barriers. An external electric field
can lower the energy barriers to ion movement
in a given direction.

The magnitude of the energy barriers in PEL at
the microscopic level determines the macroscopic
characteristics of the electrolyte. The lower the
energy barriers, the higher the ion mobility and,
consequently, the ionic conductivity of the
electrolyte. Energy barriers affect the rate of ion
diffusion in the electrolyte and the dynamics of
charging and discharging [78]. Understanding the
energy barriers to ion migration is key to the
development of new electrolytes with improved
characteristics, for example, for use in batteries, fuel
cells, and other electrochemical devices.

PEL allows for the modeling of processes
occurring in batteries [79], such as ion intercalation,
the formation of passivation layers, and electrolyte
degradation. Furthermore, PEL enables the modeling
of charge and mass transfer processes in fuel cells
and the optimization of their design. Finally, PEL
enables the modeling of charge storage processes in
supercapacitors and the development of new high-
capacity materials [78].

Research into PEL has enabled the development
of new electrolytes with high ionic conductivity and
electrochemical stability, leading to batteries with
increased efficiency, capacity, reduced production
costs, and extended service life. Similar research into
supercapacitors has enabled the increase of their
capacity and charging rates [80, 81].

Lithium-sulfur batteries have a high theoretical
capacity, but their practical application is limited by
several issues, such as the dissolution of lithium
polysulfides and the low electrical conductivity of
sulfur. Research into PEL allows us to understand the
mechanisms of these processes and develop
electrolytes that minimize polysulfide dissolution and
increase sulfur conductivity. For example, the use of
electrolytes with a high salt content or the addition of
special additives can significantly improve the
performance of lithium-sulfur batteries [82]. Sodium-
ion batteries are considered a promising alternative to
lithium-ion batteries due to their lower cost and
greater availability of sodium. However, sodium ions
are larger in size and mass than lithium ions, resulting
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in reduced ionic conductivity and deterioration of
electrode reaction kinetics. Studying PEL allows for
optimization of electrolyte compositions for sodium-
ion batteries, for example, by selecting solvents with
high permittivity and low viscosity, as well as by
adding salts with high solubility and low activation
energy for sodium ion transport [10, 51]. Modeling
PEL allows for inclusion of the electrode in the
analysis and an energetic description of the
electrolyte behavior in a charged device (Fig. 4).
Studying the influence of temperature and
pressure on PEL helps understand how electrolyte
properties change under various operating conditions.
Taking into account the shape of PEL in an applied
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electric field allows us to understand charge transfer

mechanisms in electrolytes and optimize the
operation of electrochemical devices [83].
Electrolyte—electrode  surface interactions are

important for understanding the mechanisms of
electrode reactions. Thus, it is possible to propose
new, improved materials with  improved
electrochemical properties.

The development of theoretical methods for
studying PEL opens new possibilities for the
development of electrolyte solutions with improved
characteristics [84-85]. A comparative analysis of
modern approaches (Table 1) demonstrates their
complementarity.

(@) (b) (c)

Fig. 4. Low-energy ion-molecular configurations

of lithium, sodium, and potassium ions on the surface

of a negatively charged graphene electrode. Dashed lines indicate the water molecules closest to the ions.

Reproduced from the author’s source [51] with permission from Elsevier. Copyright Elsevier (2024)

Table 1. Comparative assessment of the methods for studying PEL presented
in this paper and their application

Method Essence of the method Potential opportunities Disadvantages
Quantum-chemical Solution of quantum High accuracy, study of Extremely high
calculations (DFT) mechanical  equations  to chemical reactions, bond computational costs.
[7, 12, 43-45] calculate  the electronic  breaking / formation, electron Inapplicable to large

Classical Molecular

structure and total energy of a
system

Simulation of atomic motion

polarization, parametrization of
force fields for classical
methods

Simulation of large systems

systems (>1000 atoms) and
long processes

Accuracy depends entirely

Dynamics (MD) based on classical Newton’s (millions of atoms) over on the quality of the force
[22, 46-47, 49] laws using predefined force nanoseconds and field parameterization. It
fields microseconds. Calculation of does not take into account

transport  properties:  ionic chemical  reactions  or

conductivity, viscosity, and electron polarization

Ab initio molecular

A combination of quantum

self-diffusion coefficients

The most accurate modeling,

(without special polarizable
fields)

The most resource-intensive

dynamics (AIMD) chemical calculations (usually taking into account the method. Limited to very
[10, 23, 51] DFT) and molecular electronic  structure. Correct small systems (hundreds of
dynamics. Forces are  description of  reactions, atoms) and picosecond time
calculated on the fly from first polarization, and charge scales
principles transfer. It does not require
parameterization of force fields
370 Andreeva N.A., Chaban V.V.
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Continued Table 1

Method Essence of the method Potential opportunities Disadvantages
Monte Carlo A stochastic method for Efficient calculation of It does not provide
(Metropolis) Method generating system equilibrium thermodynamic information on the
[6, 52-55] configurations according to a properties (free energies, phase dynamics and kinetics of
given distribution (e.g., diagrams). It does not require processes (no concept of
canonical NVT) calculation of forces (energy time). Not applicable for

gradients)

Kinetic Energy A modification of MD in

It effectively searches for the

direct calculation of
transport properties

It introduces a non-physical

Injection Method which the system periodically global energy minimum and stochastic element. It
[12, 62, 63] receives kinetic excitation to low-energy configurations. It requires careful selection of
escape from local PEL allows one to avoid "stuckness" injection parameters to
minima and more fully explore the avoid artifacts and non-

phase space physical states
Experimental methods ~ X-ray and neutron diffraction, Provide direct data on the They provide averaged
(for validation) NMR, Raman spectroscopy, structure,  dynamics, and information, often without
[38, 66, 69] and electrochemical methods macroscopic properties of real atomic detail. They do not
systems. Critically important allow one to directly "see"
for testing and refining PEL, but only its

theoretical models consequences
Advances in methods for calculating the calculated using analytical relationships based on

potential energy of a system can enable the study of
electrolyte systems with more complex compositions
and provide more information about PEL.
The combination of theoretical calculations and
experimental data will provide a more symbiotic
understanding of PEL and use this information for the
rational design of new electrolytes. Finally, the
application of machine learning methods to PEL
analysis will accelerate the development of new
electrolytes and optimize their properties [83].

3. Conclusion

This paper analyzed a significant number of the
most recent literature sources, covering both
comprehensive studies of electrolyte solutions using
molecular modeling methods to describe PEL, and
auxiliary computer calculations to confirm
experimental results.

Based on this critical analysis, we believe it is
appropriate to draw the following conclusions.
Studying PEL is a powerful tool for analyzing and
predicting the properties of electrolyte solutions.
The use of research methods based on classical and
quantum chemical approaches allows us to obtain
unique physical information. First, it seems possible
to study in detail the intermolecular and ion-
molecular  interactions  that  determine  the
macroscopic properties of an electrolyte solution.
Ionic conductivity, viscosity, and density can be

statistical processing of the system’s phase trajectory.
Second, it is easy to identify stable configurations of
ions and solvates that influence the equilibrium state
of the electrolyte and the mechanisms of ion transport
within it. Third, the resulting thermodynamic
properties of the simulated system and the energies of
paired ion-molecule interactions allow us to estimate
barriers to ion migration, which is directly related to
electrolyte conductivity.

Thus, the combination of PEL research methods
with experimental data opens new prospects for the
targeted design of electrolyte solutions with specified
characteristics, which is crucial for the development
of highly efficient electrochemical devices.

4. Acknowledgement

V.V. Chaban is a visiting professor and
international consultant at Yerevan State University.

5. Conflict of interest

The authors declare no conflict of interest.

References

1. Zittlau P, Mross S, Gond D, Kohns M. Molecular
modeling and simulation of organic electrolyte solutions
for lithium ion batteries. The Journal of Chemical Physics.
2024;161(12):124118. DOI:10.1063/5.0228158

2. Shi N, Wang G, Mu T, Li H, et al. Long side-
chain imidazolium functionalized poly(vinyl chloride)

Andreeva N.A., Chaban V. V. 371



Journal of Advanced Materials and Technologies. 2025. Vol. 10, No. 4

membranes with low cost and high performance for
vanadium redox flow batteries. Journal of Molecular
Liquids. 2023;376:121401. DOI:10.1016/j.molliq.2023.
121401

3. Deb D, Bhattacharya S. Imidazolium-based
ionanofluid electrolytes with viscosity decoupled ion
transport properties for lithium-ion batteries. Journal of
Molecular  Liquids. 2023;379:121645. DOI:10.1016/
j-molliq.2023.121645

4. Wu Z, Tian Y, Chen H, Wang L, et al. Evolving
aprotic Li—air batteries. Chemical Society Reviews.
2022;51(18):8045-8101. DOI:10.1039/D2CS00003B

5. Habibi P, Polat HM, Blazquez S, Vega C, et al.
Accurate free energies of aqueous electrolyte solutions
from molecular simulations with non-polarizable force
fields. The Journal of Physical Chemistry Letters.
2024;15(16):4477-4485. DOI:10.1021/acs.jpclett.4c00428

6. Lu GW, Li CX, Wang WC, Wang ZH. A Monte-
Carlo simulation on structure and thermodynamics of
potassium nitrate electrolyte solution. Molecular Physics.
2005;103(5):599-610. DOI:10.1080/00268970410001683834

7. Parida R, Yong Lee J. Boron based podand
molecule as an anion receptor additive in Li-ion battery
electrolytes: a combined density functional theory and
molecular dynamics study. Journal of Molecular Liquids.
2023;384:122236. DOI:10.1016/j.molliq.2023.122236

8. Kartha TR, Mallik BS. Revisiting LiClO4 as an
electrolyte for Li-ion battery: effect of aggregation
behavior on ion-pairing dynamics and conductance.
Journal of Molecular Liquids. 2020;302:112536.
DOI:10.1016/j.molliq.2020.112536

9. Jiang H, Zhang Q, Zhang Y, Sui L, et al. Li-ion
solvation in propylene carbonate electrolytes determined
by molecular rotational measurements. Physical Chemistry
Chemical Physics. 2019;21(20):10417-10422. DOI:10.1039/
C8CP07552B

10.Chaban VV, Andreeva NA. Shorter-chained
trialkylsulfonium cations are preferable as admixtures to
lithium-ion and sodium-ion electrolytes in acetonitrile.
Journal  of Molecular  Liquids. 2023;385:122399.
DOI:10.1016/j.molliq.2023.122399

11.Haghani H, Behrouz M, Chaban VV.
Triethylsulfonium-based ionic liquids enforce lithium salt
electrolytes. Physical Chemistry Chemical Physics.
2022;24(16):9418-9431. DOI:10.1039/D2CP00275B

12.Chaban VV, Andreeva NA. Magnesium-based
electrolytes with ionic liquids chloride additives: quantum
chemical stationary point analysis. Journal of Molecular
Liquids. 2024;402:124804. DOI:10.1016/j.molliq.2024.
124804

13.Zhang W, Hu YH. Material design and
performance of carbon monoxide-fueled solid oxide fuel
cells: a review. Energy Science & Engineering.
2023;11(9):3276-3288. DOI:10.1002/ese3.1502

14. Dethan JFN, Swamy V. Mechanical and thermal
properties of carbon nanotubes and boron nitride nanotubes
for fuel cells and hydrogen storage applications: a
comparative review of molecular dynamics studies.
International Journal of Hydrogen FEnergy. 2022;
47(59):24916-24944. DOI:10.1016/j.ijhydene.2022.05.240

15.Pant R, Sengupta S, Lyulin AV, Venkatnathan A.
Computational investigation of a protic ionic liquid doped
poly-benzimidazole fuel cell electrolyte. Journal of
Molecular  Liquids. 2020;314:113686. DOI:10.1016/
j.molliq.2020.113686

16. Khan HA, Tawalbeh M, Aljawrneh B, Abuwatfa W,
et al. A comprehensive review on supercapacitors: their
promise to flexibility, high temperature, materials, design,
and challenges. Energy. 2024;295:131043. DOI:10.1016/
j-energy.2024.131043

17. Varner S, Wang ZG. Effects of dilution in ionic
liquid supercapacitors. Physical Chemistry Chemical
Physics. 2022;24(44):27362-27374. DOI:10.1039/
D2CP03398D

18. Dashti Najafi M, Kowsari E, Reza Naderi H,
Sarabadani Tafreshi S, et al. High-performance symmetric
supercapacitor based on new functionalized graphene
oxide composites with pyrimidine nucleotide and
nucleoside. Journal of  Molecular Liquids.
2022;348:118381. DOI:10.1016/j.molliq.2021.118381

19. Bakhshandeh A, Dos Santos AP, Levin Y.
Efficient simulation method for nano-patterned charged
surfaces in an electrolyte solution. Soft Matter.
2018;14(20):4081-4086. DOI:10.1039/C8SM00226F

20.Brkljaca Z, Namjesnik D, Liitzenkirchen I,
Predota M, et al. Quartz/aqueous electrolyte solution
interface: molecular dynamic simulation and interfacial

potential measurements. The Journal of Physical
Chemistry C. 2018;122(42):24025-24036. DOI:10.1021/
acs.jpcc.8b04035

21.Di Tommaso D, Prakash M, Lemaire T,

Lewerenz M, et al. Molecular dynamics simulations of
hydroxyapatite nanopores in contact with electrolyte
solutions: the effect of nanoconfinement and solvated ions
on the surface reactivity and the structural, dynamical, and
vibrational properties of water. Crystals. 2017;7(2):57.
DOI:10.3390/cryst7020057

22.Karatrantos AV, Middendorf M, Nosov DR,
Cai Q, et al. Diffusion and structure of propylene
carbonate—metal salt electrolyte solutions for post-lithium-
ion batteries: from experiment to simulation. The Journal
of Chemical Physics. 2024;161(5):054502. DOI:10.1063/
5.0216222

23.Eisenhart AE, Beck TL. Quantum simulations of
hydrogen bonding effects in glycerol carbonate electrolyte
solutions. The Journal of Physical Chemistry B.
2021;125(8):2157-2166. DOI:10.1021/acs.jpcb.0c10942

24.Friedman R. Simulations of biomolecules in
electrolyte solutions. Advanced Theory and Simulations.
2019;2(4):1800163. DOI:10.1002/adts.201800163

25.Chaiyasit P, Tongraar A, Kerdcharoen T.
Characteristics of methylammonium ion (CH;NH;") in
aqueous electrolyte solution: an ONIOM-XS md
simulation study. Chemical Physics. 2017;493:91-101.
DOI:10.1016/j.chemphys.2017.06.012

26.L1 Y, Wu F, Li Y, Liu M, et al. Ether-based
electrolytes for sodium ion batteries. Chemical Society
Reviews. 2022;51(11):4484-4536. DOI:10.1039/
D1CS00948F

372 Andreeva N.A., Chaban V.V.



Journal of Advanced Materials and Technologies. 2025. Vol. 10, No. 4

27.Yang Q, Zhang Z, Sun XG, Hu YS, et al. Ionic
liquids and derived materials for lithium and sodium
batteries. Chemical Society Reviews. 2018;47(6):2020-
2064. DOI:10.1039/C7CS00464H

28.Yang L, Huang K. Electric conductivity in
electrolyte solution under external electromagnetic field by
nonequilibrium  molecular  dynamics simulation.
The Journal of Physical Chemistry B. 2010;114(25):8449-
8452. DOI:10.1021/jp102593m

29.Kumar P, Yashonath S. Ionic conductivity in
aqueous electrolyte solutions: insights from computer
simulations. Journal of Molecular Liquids. 2019;277:506-
515. DOI:10.1016/j.molliq.2018.12.090

30.Liu Y, Zhu W, Li B, Yang L. Simulation study on
the flow behaviors of weak electrolyte solutions in nano-
sized and micron-sized pores considering electric double
layer interactions. Energy Sources, Part A: Recovery,
Utilization, and Environmental Effects. 2022;44(2):3532-
3543. DOI:10.1080/15567036.2022.2067266

31.Guardia E, Marti J, Padré JA. Ion solvation in
aqueous supercritical electrolyte solutions at finite
concentrations: a computer simulation study. Theoretical
Chemistry Accounts. 2006;115(2-3):161-169. DOI:10.1007/
$00214-005-0055-3

32.Balbuena PB, Johnston KP, Rossky PJ. Molecular
dynamics simulation of electrolyte solutions in ambient
and supercritical water. 1. lon solvation. The Journal of
Physical ~ Chemistry.  1996;100(7):2706-2715.  DOI:
10.1021/jp95219%40

33.Bosen A, Roth M. Simulation of a distillation
column on an IBM PC, accounting for real behaviour of
electrolyte solutions. Chemical Engineering & Technology.
1991;14(5):295-300. DOI:10.1002/ceat.270140502

34.Neria E, Nitzan A. Numerical simulations of
solvation dynamics in electrolyte solutions. The Journal of
Chemical Physics. 1994;100(5):3855-3868. DOI:10.1063/
1.466374

35.Padro JA, Trullas J, Gird A. Langevin dynamics
simulations of electrolyte solutions. Influence of friction
and random forces. Journal of the Chemical Society,
Faraday Transactions. 1990;86(12):2139-2143. DOI:
10.1039/FT9908602139

36. Spohr E, Heinzinger K. Computer simulations of
water and aqueous electrolyte solutions at interfaces.
Electrochimica  Acta.  1988;33(9):1211-1222.  DOI:
10.1016/0013-4686(88)80151-8

37.Feng HJ, Zhou J, Lu XH. Molecular dynamics
simulations on the interfacial structures of electrolyte
solutions. Acta Chimica Sinica. 2009;67(21):2407-2412.

38. Neilson GW. The structure of aqueous electrolyte
solutions: comparison of computer simulation and
experiment. Zeitschrift fiir Naturforschung A. 1991;46(1-2):
100-106. DOI:10.1515/zna-1991-1-216

39.Lee LL, Llano-Restrepo M, Chapman WG,
Shukla KP. Improved MSA theory for concentrated
electrolyte solutions based on Monte-Carlo simulation at
high ionic strengths. Journal of the Chinese Institute of
Chemical Engineers. 1996;27(4).

40. Malekzadeh Moghani M, Khomami B. Flexible
polyelectrolyte chain in a strong electrolyte solution:
insight into equilibrium properties and force-extension
behavior from mesoscale simulation. The Journal of
Chemical Physics. 2016;144(2):024903. DOI:10.1063/
1.4939720

41.Kohns M, Reiser S, Horsch M, Hasse H. Solvent
activity in electrolyte solutions from molecular simulation
of the osmotic pressure. The Journal of Chemical Physics.
2016;144(8):084112. DOI:10.1063/1.4942500

42.Yi L, Liang D, Zhou X, Li D, et al. Molecular
dynamics simulations of carbon dioxide hydrate growth in
electrolyte solutions of NaCl and MgCl,. Molecular

Physics. 2014;112(24):3127-3137. DOI:10.1080/
00268976.2014.932454
43.Fiates J, Ratochinski RH, Lourenco TC,

Da Silva JLF, et al. Fluoroalkoxyaluminate-based ionic
liquids as electrolytes for sodium-ion batteries. Journal of
Molecular  Liquids. 2023;369:120919. DOI:10.1016/
j-molliq.2022.120919

44.Xu X, Su L, Lu F, Yin Z, et al. Unraveling anion
effect on lithium ion dynamics and interactions in
concentrated ionic liquid electrolyte. Journal of Molecular
Liquids. 2022;361:119629. DOI:10.1016/j.molliq.2022.
119629

45.Khudozhitkov AE, Stange P, Stepanov AG,
Kolokolov DI, et al. Structure, hydrogen bond dynamics
and phase transition in a model ionic liquid electrolyte.
Physical Chemistry Chemical Physics. 2022;24(10):6064-
6071. DOI:10.1039/D2CP00452F

46.Calero C, Faraudo J, Aguilella-Arzo M.
Molecular dynamics simulations of concentrated aqueous
electrolyte solutions. Molecular Simulation.
2011;37(2):123-134. DOI:10.1080/08927022.2010.525513

47.Murad S, Oder K, Lin J. Molecular simulation of
osmosis, reverse osmosis, and electro-osmosis in aqueous
and methanolic electrolyte solutions. Molecular Physics.
1998;95(3):401-408. DOI:10.1080/00268979809483173

48. Berendsen HJC, van der Spoel D, van Drunen R.
GROMACS - A message-passing parallel molecular-
dynamics implementation. Computer Physics
Communication. 1995;91:43-56.

49.Lu G wu, Li Y feng, Sun W, Li C. Molecular
dynamics simulation of hydration structure of KNOj
electrolyte solution. Chinese Journal of Chemical Physics.
2007;20(1):22-30. DOI:10.1360/cjcp2007.20(1).22.9

50.Kerisit S, Ilton ES, Parker SC. Molecular
dynamics simulations of electrolyte solutions at the (100)
goethite surface. The Journal of Physical Chemistry B.
2006;110(41):20491-20501. DOI:10.1021/jp0636569

51.Chaban VV, Andreeva NA. Aqueous electrolytes
at the charged graphene Surface: Electrode-Electrolyte
coupling. Journal of Molecular Liquids. 2023;387:122724.

52.1zarra AD, Coudert FX, Fuchs AH, Boutin A.
Alchemical Osmo stat for Monte-Carlo simulation:
sampling aqueous electrolyte solution in open systems. The
Journal of Physical Chemistry B. 2023;127(3):766-776.
DOI:10.1021/acs.jpcb.2c07902

Andreeva N.A., Chaban V. V. 373



Journal of Advanced Materials and Technologies. 2025. Vol. 10, No. 4

53.Theiss M, Gross J. Nonprimitive model
electrolyte solutions: comprehensive data from Monte-
Carlo simulations. Journal of Chemical & Engineering
Data. 2020;65(2):634-639. DOI:10.1021/acs.jced.9b00855

54.0zaki H, Kuratani K, Kiyobayashi T. Monte-
Carlo simulation of the ionic transport of electrolyte
solutions at high concentrations based on the pseudo-lattice
model. Journal of The Electrochemical Society.
2016;163(7):H576-H583. DOI:10.1149/2.0941607jes

55.Van Megen W, Snook I, Vincent B. Monte-Carlo
simulation of small particle adsorption at the
solid/electrolyte solution interface. Journal of Colloid and
Interface Science. 1983;92(1):262-264. DOI:10.1016/
0021-9797(83)90136-4

56. Luksi¢ M, Hribar-Lee B, Tochimani SB, Pizio O.
Solvent primitive model for -electrolyte solutions in
disordered porous matrices of charged species. Replica
Ornstein-Zernike theory and grand canonical monte Carlo
simulations.  Molecular ~ Physics. 2012;110(1):17-30.
DOI:10.1080/00268976.2011.631057

57.Jonsson M, Skepd M, Linse P. Monte-Carlo
simulations of the hydrophobic effect in aqueous
electrolyte solutions. The Journal of Physical Chemistry B.
2006;110(17):8782-8788. DOI:10.1021/jp0604241

58.Serensen TS, Sloth P. Ion and potential
distributions in charged and non-charged primitive
spherical pores in equilibrium with primitive electrolyte
solution calculated by grand canonical ensemble Monte-
Carlo simulation. Comparison with generalized Debye—
Hiickel and Donnan theory. Journal of the Chemical
Society, Faraday Transactions. 1992;88(4):571-5809.
DOI:10.1039/FT9928800571

59. Svensson B, Jonsson B. The interaction between
charged aggregates in electrolyte solution. A Monte-Carlo
simulation study. Chemical Physics Letters. 1984;
108(6):580-584. DOI:10.1016/0009-2614(84)85058-7

60. Truzzolillo D, Bordi F, Sciortino F, Sennato S.
Interaction between like-charged polyelectrolyte-colloid
complexes in electrolyte solutions: a Monte-Carlo
simulation study in the Debye—Hiickel approximation.
The Journal of Chemical Physics. 2010;133(2):024901.
DOI:10.1063/1.3459125

61.Li CX, Tian R, Lu GW, Wang ZH, Wang WC.
Monte-Carlo simulation on model fluid of electrolyte
solution. Acta Physico-Chimica Sinica. 2003;61(2):175-
180.

62.Bedair MA, Abuelela AM, Melhi S, Yousif QA,
et al. Highly effective inhibition of steel corrosion in 1.0 M
HCI solution using a novel non-ionic surfactant with
coumarin moiety: Practical and computational studies.
Materials Chemistry and Physics. 2024;312:128644.

63. Duczinski R, Polesso BB, Duarte E, Bernard FL,
et al. Separation of Co,/N, mixtures by new il/acrylic
polymer microcapsules designed by a one-step suspension-
based polymerization encapsulation process. Journal of
Molecular  Liquids. 2023;385:122394. DOI:10.1016/
j-molliq.2023.122394

64. Chaban VV, Andreeva NA. Mutual miscibility of
diethyl sulfoxide and acetonitrile: fundamental origin.
Journal  of Molecular  Liquids. 2022;349:118110.
DOI:10.1016/j.molliq.2021.118110

65.Chaban VV, Andreeva NA. Mixtures of diethyl
sulfoxide and methanol: structure and thermodynamics.
Journal of Solution Chemistry. 2022;51(7):788-801.
DOI:10.1007/s10953-022-01167-x

66.Jones FGE, Dryfe RAW. Hydrodynamic
voltammetry at the interface between immiscible
electrolyte solutions: numerical simulation of the
voltammetric response. Journal of Electroanalytical

Chemistry. 2008;615(1):25-33. DOI:10.1016/j.jelechem.
2007.11.021

67.Chaban V. Competitive solvation of the
imidazolium cation by water and methanol. Chemical
Physics Letters. 2015;623:76-81. DOI:10.1016/j.cplett.
2015.01.051

68.0hba T, Hata K, Chaban VV. Nanocrystallization
of imidazolium ionic liquid in carbon nanotubes.
The Journal of Physical Chemistry C. 2015;119(51):
28424-28429. DOI:10.1021/acs.jpce.5b09423

69.Chizhik VI, Egorov AV, Komolkin AV,
Vorontsova AA. Microstructure and dynamics of
electrolyte solutions containing polyatomic ions by NMR
relaxation and molecular dynamics simulation. Journal of
Molecular Liquids. 2002;98-99:173-182. DOI:10.1016/
S0167-7322(01)00306-3

70.Chaban VV, Voroshylova IV, Kalugin ON,
Prezhdo OV. Acetonitrile boosts conductivity of
imidazolium ionic liquids. The Journal of Physical
Chemistry B. 2012;116(26):7719-7727. DOI:10.1021/
jp3034825

71. Thakur RC, Sharma A, Sharma R, Kaur H.
A comparative analysis of volumetric, viscometric and
conductometric properties of triethylmethylammonium
tetrafluoroborate (TEMABF,) and tetraecthylammonium
tetrafluoroborate (TEABF,) in pure propylene carbonate
(PC) and binary aqueous propylene carbonate solvents.
Journal of Molecular Liquids. 2023;374:121244.
DOI:10.1016/j.molliq.2023.121244

72.Piatti E, Guglielmero L, Tofani G, Mezzetta A,
et al. Ionic liquids for electrochemical applications:
correlation ~ between  molecular structure and
electrochemical stability window. Journal of Molecular
Liquids. 2022;364:120001. DOI:10.1016/j.molliq.2022.
120001

73.Dockal J, Mimrova P, Lisal M, Moucka F.
Structure of aqueous alkali metal halide electrolyte
solutions from molecular simulations of phase-transferable
polarizable models. Journal of Molecular Liquids.
2024;394:123797. DOI:10.1016/j.molliq.2023.123797

74.Panagiotopoulos AZ. Simulations of activities,
solubilities, transport properties, and nucleation rates for
aqueous electrolyte solutions. The Journal of Chemical
Physics. 2020;153(1):010903. DOI:10.1063/5.0012102

75.Maftoon-Azad L. Electrochemical stability
windows of Ali-cyclic ionic liquids as lithium metal
battery electrolytes: a computational approach. Journal of

374 Andreeva N.A., Chaban V.V.



Journal of Advanced Materials and Technologies. 2025. Vol. 10, No. 4

Molecular  Liquids. 2021;343:117589. DOI:10.1016/
j-molliq.2021.117589

76.Chaban VV, Prezhdo OV. Ionic and molecular
liquids: working together for robust engineering.
The Journal of Physical Chemistry Letters. 2013;4(9):
1423-1431. DOI:10.1021/jz400113y

77.Bdey S, Boussadoune N, Allard F, Huot J, et al.
Synthesis, structural study, and Na“ migration pathways
simulation of the new phase Na;Al;(AsOy)s. Journal of
Solid State Chemistry. 2024;330:124459. DOI:10.1016/
j-Jjssc.2023.124459

78.Colherinhas G, Fileti EE, Chaban VV.
Can inorganic salts tune electronic properties of graphene
quantum dots? Physical Chemistry Chemical Physics.
2015;17(26):17413-17420. DOI:10.1039/C5CP02083B

79.Yun Y, Wu S, Wang D, Luo X, et al. Molecular
dynamics simulations in semiconductor  material
processing: a comprehensive review. Measurement. 2025;
241:115708. DOI:10.1016/j.measurement.2024.115708

80.De Araujo Chagas H, Fileti EE, Colherinhas G.
Comparing supercapacitors with  graphene/graphyne
electrodes and [Bmim][PF¢], [Emim][BF,], [Ch][Gly] and
[Pyr][Tfsi] ionic liquids using molecular dynamics.
Journal  of Molecular  Liquids. 2023;379:121703.
DOI:10.1016/j.molliq.2023.121703

81.Messias A, Fileti EE. Assessing the impact of
valence asymmetry in ionic solutions and its consequences
on the performance of supercapacitors. Physical
Chemistry Chemical Physics. 2022;24(34):20445-20453.
DOI:10.1039/D2CP00348A

82.Brieske DM, Warnecke A, Sauer DU. Modeling
the volumetric expansion of the lithium-sulfur battery
considering charge and discharge profiles. Energy Storage
Materials. 2023;55:289-300. DOI:10.1016/j.ensm.2022.
11.053

83.Zhang J, Pagotto J, Duignan TT. Towards
predictive design of electrolyte solutions by accelerating
ab initio simulation with neural networks. Journal of
Materials  Chemistry A.  2022;10(37):19560-19571.
DOI:10.1039/D2TA02610D

84.Chaban VV, Andreeva NA. Sodium-ion
electrolytes based on ionic liquids: a role of cation-anion
hydrogen bonding. Journal of Molecular Modeling.
2016;22(8):172. DOI:10.1007/s00894-016-3042-9

85.Chaban VV. The tricyanomethanide anion favors
low viscosity of the pure ionic liquid and its aqueous
mixtures.  Physical ~ Chemistry  Chemical  Physics.
2015;17(47):31839-31849. DOI:10.1039/C5CP05666G

Information about the authors / Undopmauus 06 aBropax

Nadezhda A. Andreeva, Cand. Sc. (Phys. and Math.),
Associate Professor, Peter the Great St.Petersburg
Polytechnic  University, St. Petersburg, Russian
Federation; ORCID 0000-0003-0723-4080; e-mail:
nadezhda.a.andreeva@gmail.com

Vitaly V. Chaban, D. Sc. (Chem.), Professor, Yerevan
State University, Yerevan, Armenia; ORCID 0000-
0002-3399-6567; e-mail: vvchaban@gmail.com

Angpeea Hanexna AHaToIbeBHA, KaHIUAAT (PUIUKO-
MaTeMaTHIeCcKnX Hayk, moueHT, CaHkrt-IletepOyprekuit
[OJIUTEXHUUYECKU  yHuBepcuter Ilerpa  Benukoro,
Canxkr-IlerepOypr, Poccuiickas ®Peneparus; ORCID
0000-0003-0723-4080; e-mail: nadezhda.a.andreeva@
gmail.com

Yadan Burammii ButajgbeBHY, TOKTOp XMMHUYECKHX
HayK, Tpodeccop, EpeBaHckuii TrocynapcTBEHHBIH
yuuBepcuret, EpeBan, Pecnyomuka Apmennsi; ORCID
0000-0002-3399-6567; e-mail: vvchaban@gmail.com

Received 17 July 2025; Revised 22 August 2025; Accepted 26 August 2025

Copyright: © Andreeva NA, Chaban VV, 2025. This article is an open access article distributed under the
@ ® terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/

licenses/by/4.0/).

Andreeva N.A., Chaban V. V. 375



