Open Access Article. Published on 07 April 2025. Downloaded on 3/1/2026 9:03:24 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2025, 15, 10851

batteriesT

Interplay between organic solvent geometry and
divalent cation dynamics in divalent metal

Nazifa Jahan Pranti,? Sharifa Faraezi, 2 Tomonori Ohba, °
Argyrios V. Karatrantos &€ and Md Sharif Khan © *2

This study investigates the interplay between organic solvent geometry and divalent cation dynamics in
liquid electrolytes, emphasizing their relevance for energy storage systems. Using classical molecular
dynamics simulations, the structural and transport properties of Mg2+ and Ca* were evaluated in cyclic

(ethylene carbonate, EC; propylene carbonate, PC) and linear (ethyl methyl carbonate, EMC) solvents in

the presence of TFSI™ anions across a range of temperatures. The results reveal that Mg®* exhibits
superior diffusion compared to Ca®* due to its smaller ionic radius and weaker ion—pair interactions.
Diffusion increases with temperature, following the solvent trend EC > EMC > PC. Coordination analysis
showed compact solvation shells for both cations, with Ca?* forming denser structures and

demonstrating higher residence times compared to Mgz". Solvent geometry significantly influenced
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solvation dynamics, with cyclic solvents enhancing ion coordination and linear solvents reducing

solvation due to steric hindrance. These findings underscore the critical role of solvent structure and ion
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1. Introduction

The growing demand for portable electronic devices and electric
vehicles, and increasing concerns about climate change have
driven the development of sustainable energy storage technol-
ogies."> Renewable energy sources are being utilized to alter
fossil fuels, addressing these concerns by generating energy
without producing greenhouse gas emissions.® Rechargeable Li-
ion batteries (LIBs) dominate the global power market due to
their superior energy density and extensive technological and
industrial development.*® However, adopting LIBs as a long-
term energy storage solution will be hindered by issues with
the limited natural abundance of lithium (only 0.002%), cost,
and safety.” Hence, to achieve a sustainable energy shift away
from LIBs, different metal ion candidates such as Na*, K", Mg**,
Ca®, Zn**, A" etc. are required®** to address the challenges
and outperform existing energy density measurements in the

“Center for Interdisciplinary Chemistry Research (CICR), Dhaka, Bangladesh. E-mail:
sharifkhanjnu@gmail.com

*Graduate School of Science, Chiba University, 1-33 Yayoi, Inage, Chiba 263-8522,
Japan

‘Luxemburg Institute of Science and Technology, 5 Avenue des Hauts-Fourneaux, L-
4362 Esch-sur-Alzette, Luxembourg

t Electronic supplementary information (ESI) available: List of the force field
parameters used in the MD simulations, radial distribution functions at
elevated temperatures, cations-anion radial distribution function in different
solvents and temperatures. See DOI: https://doi.org/10.1039/d5ra00757g

© 2025 The Author(s). Published by the Royal Society of Chemistry

dynamics in optimizing divalent-ion battery performance, positioning Mgz+ as a promising candidate for
sustainable energy storage solutions.

metal ion batteries. As promising alternatives, low-cost, highly
abundant divalent Mg>" (2.15%)"* and Ca**(4.86%)" facilitate
improved energy density compared to LIBs due to possessing
two transferable electrons.’* Mg>" exhibits a low electrode
potential of —2.37 V (vs. SHE)," including high specific capac-
itance (2205 mA h g~ ') and high volumetric capacity (3833 mA h
ecm ). In contrast, Ca>" (ref. 18) has a volumetric capacity of
2052.6 mA h cm and a redox potential of —2.87 V (vs. SHE)
close to Li'. Another challenge conventional monovalent
batteries (Li, Na, and K) encounter is the formation of detri-
mental needle-like dendrites on the metal anode interface®
during electrochemical plating/stripping processes. These
dendrites can penetrate the separator, leading to short circuits
and reduced battery performance. In contrast, Zhao et al.
determined that smooth deposition occurs in 0.3 M all-phenyl-
complex electrolytes where the Mg>* effectively suppresses
dendrite formation, which is less prominent than Li* by adding
an additive.?*?* Ca>" does not form dendrite under typical
battery conditions as readily as Li" ion batteries. Calcium's
larger ionic radius and distinct electrochemical characteristics
reduce the risk of dendrite formation.”® Thus, there is
increasing interest in using Mg>* and Ca** as potential candi-
dates for divalent-ion batteries, namely magnesium-ion
batteries (MIBs) and calcium-ion batteries (CIBs).>*®
Electrolytes are one of the crucial elements in energy storage
systems; therefore, numerous types of electrolytes have been
reported in the literature, each distinguished by identical
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physical and chemical properties.””** Liquid electrolytes have
been widely used in commercial energy storage systems due to
their high ionic conductivity, thermal and chemical stability,
and wide electrochemical stability window.**** However, the
selection of suitable liquid electrolytes is critical to be
compatible with magnesium and calcium anodes while main-
taining safety, stability, and a wide operating potential
window.**¢ The electrolyte phase serves to transport positively
charged ions between the cathode and anode,*”** the diffusion
of the respective ions and their drift velocity in the electric field
become extremely important to the battery's performance.*
Ion-solvent coordinating states in liquid electrolytes have been
studied experimentally via Raman***>*' and infrared spectros-
copy (IR).”> Pulsed-field gradient nuclear magnetic resonance
(PFG-NMR) is utilized to determine the diffusion coefficients of
ions and solvents within electrolytes, providing insights into ion
(cations, anions) mobility, solvent behavior, and overall elec-
trolyte performance in metal ion batteries.***® These properties
are critical for optimizing electrolyte performance in energy
storage systems and ensuring operational reliability under
various conditions. While “Li is a suitable nucleus for PFG-NMR
diffusion measurements, the available isotopes of post-Li
cations (such as Na or divalent) often lack a nuclear spin or
suffer from short spin relaxation times, which prevent the
application of spin echoes to observe the transport over the
required time scales of at least several ms. Thus, despite many
experimental efforts, understanding ion dynamics at the atomic
level as well as the distinct local geometrical structure of
solvents requires computational approaches, e.g., the contri-
bution of density functional theory (DFT) and classical molec-
ular dynamics (MD) simulations aims to offer insight
observation.*~**

Mg electrolytes based on the Mg(BH,), salt containing
longer-(shorter-)chain solvents named THF and the glycol
dimethyl ether (G1-G4) showed the lowest (highest) diffusion of
Mg and agglomeration rates.” As a liquid electrolyte anion,
perchlorate (ClO,”), hexafluorophosphate (PFs ) and tetra-
fluoroborate (BF, ) are feasible to react with Mg** ions,
however, resulting in irreversible electrodeposition of Mg?>*
limited their utilization.®® In such cases, bis(tri-
fluoromethanesulfonyl)imide (TFSI) has been replaced because
of its larger size and delocalized electrons, which leads to better
dissociation and exhibits a high ionic conductivity. Lapidus
et al.** and Terada et al.*>® reported the weak ion—pair interac-
tions between the large TFSI~ anions and Mg”" (ref. 56) in glycol
dimethyl ether (G2 and G4), although poor solubility revealed in
THF*” and acetonitrile (AN).*®

Mg>"and Ca** stripping/plating of MIBs and CIBs are studied
widely. However, challenges still exist, particularly in terms of
selecting efficient liquid electrolytes with stability.

Seki et al. analyzed the interactions of various divalent metal
cations (Ca®* and Mg>") with PC and TFSI™ anions by ab initio
molecular orbital calculations. It was demonstrated that Mg>*
formed a more stable complex with PC and the TFSI™ anions
than Ca**. Thus, the diffusion coefficients of PC and TFSI™ were
lower for Mg>" than for the Ca®" cation.”® To the best of our
knowledge, there is not any experimental or simulation
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research investigating the diffusion coefficient of such electro-
Iytes in EC and EMC solvents.

Further research is still needed to understand the Mg*>* and
Ca”" behavior in liquid electrolytes to further improve energy
storage systems. Specifically their solvation shell, ion-pair
interaction, the coordination number of ions and solvents, and
structural effect of solvent in overall bulk and interface need to
be evaluated thoroughly. In this study, we performed molecular
dynamics simulations of cyclic (EC, PC) and linear (EMC)
solvent-based liquid electrolytes of Mg>*, Ca*?, and TFSI™ at
a range of temperatures from 303 K to 333 K. The local structure
of these electrolytes has been revealed by considering the
atomic-level pair correlation function. Furthermore, the diffu-
sion mechanism and its dependence on the geometry of organic
solvents were studied as a function of temperature.

2. Simulation procedures

All-atom molecular dynamics simulations were performed
using the large-scale atomic/molecular massively parallel
(LAMMPS) simulator MD code.® Non-polarizable point-charge
potential parameters for ethylene carbonate (EC), ethyl methyl
carbonate (EMC), propylene carbonate (PC), and bis(tri-
fluoromethanesulfonyl)imide (TFSI") were adopted from
a previous study and included in the Table S1,7 (ref. 61 and 62)
while the parameters for Mg”>* and Ca*>" were obtained from.*
Since non-polarizable force fields do not explicitly take into
account the electronic polarization, we implement charge-
scaling of ions (Mg®*, Ca®>*, and TFSI") by the factor of 0.7.
Long-range coulombic interactions were calculated using the
particle-particle particle-mesh (PPPM) method® with a real-
space cutoff of 1.2 nm. The van der Waals interactions were
truncated at 1.0 nm, and the Lennard-Jones interactions were
combined using Lorentz-Berthelot mixing rules.

Simulations were conducted in the NPT and NVT ensembles
with time steps of 0.5 fs and 1.0 fs, respectively. Temperature
and pressure control were maintained using the Nosé-Hoover
thermostat and barostat, respectively. Simulation cells of 5 x 5
x 5 nm?® were constructed, containing the appropriate amounts
of organic solvents (EC, EMC, and PC), cations (Mg”" and Ca*"),
and TFSI™ anions corresponding to a 0.5 M cationic and 1 M
anionic concentration. The systems were annealed from 100 K
to 700 K at 1 atm for 20 ns in the NPT ensemble. After equi-
librium reached at 700 K, the temperature was gradually
decreased in increments of 10 K.

During the cooling process, electrolyte configurations were
sampled between 303 K and 343 K and used as initial states for
30 ns of NVT simulations, followed by 10 ns NPT simulations at
each temperature. For the final analysis, trajectories from the
last 10 ns of the production run were collected. The simulated
bulk density values at 303 K were 1.33, 1.29, and 1.04 g cm ™ for
EC, PC, and EMC solvents respectively, while the corresponding
experimental values at this temperature ate 1.32, 1.20, and
1.006 g cm 2. The slightly higher simulated density values of
the electrolyte systems compared to the experimental solvent
densities can be attributed to the presence of cations and
anions, as shown in Fig. S1.f The concentration of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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simulated systems were determined after NPT equilibration,
yielding cationic concentrations of 0.48 (£0.02), 0.47 (£0.002),
and 0.48 (£0.002) M for EC, PC, and EMC, respectively.

3. Results and discussion
3.1 Diffusion

The representative simulation system employed in this study is
depicted in Fig. 1(a). The electrolyte composition was deter-
mined to achieve a 1 M anionic concentration. The ball-and-
stick representations of the solvents and the TFSI™ anion are
presented in Fig. 1(b). The solvents include EC and PC, which
possess cyclic geometries, and EMC, characterized by a linear
geometry. These solvents exhibit distinct dielectric constants,
reported as 88, 64.9, and 2.93 for EC, PC, and EMC, respec-
tively.®>%® The TFSI™ anion, with its linear-like structure, plays
a crucial role in modulating ion-pair interactions, demon-
strating behavior distinct from conventional spherical anions.

It is known that the non-polarizable force fields do not
explicitly take into account the electronic polarization.®” One
way to remedy this issue is to incorporate electronic polariza-
tion in a mean-field way via charge rescaling.®® Leontyev and
Stuchebrukhov proposed an electronic continuum theory
(Molecular Dynamics in Electronic Continuum)® to account for
the effects of electronic polarization in non-polarizable force
fields. In particular, their theory claims that ions in solutions
should have charges scaled by about 0.7.”° In addition, for
divalent ionic liquids in water or acetonitrile, quantum chem-
ical calculations have shown that the charge scaling values
should be well below the charge scaling factor of 0.8 typically
used for monovalent ionic liquids. It was found that a value of
0.7 can give better MD density predictions in comparison to
experimental data.” Thus, the charges of Mg>*, Ca®", and TFSI~
were scaled by the factor of 0.7 in order to mimic the experi-
mental charge transfer in our non-polarizable MD simulations.
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The diffusion coefficient was calculated from the simulated
mean squared displacement (MSD) by using the following
equation:*®

p-limd (l i ri(t) — ri(t, )ZD (1)
6:—=dt \ N < ! o
where (|r{t) — ri(to)|?) is the mean square displacement of an ion
or molecule and is fitted to the linear diffusive regime.

The temperature-dependent simulated diffusion coefficients
of Mg?*, Ca®", TFSI ", and the various solvents are presented in
Fig. 2(a—f) as a function of temperature. The diffusion coeffi-
cients for all components increase with temperature. First, the
simulated diffusion coefficients of TFSI” and PC solvent
compare well with the experimental measurements.*® The
solvents exhibit higher diffusion coefficients for both Mg>" and
Ca”" systems than the anions and cations, while anions show
higher diffusion than cations across all temperatures. Notably,
diffusion increases by nearly threefold as the temperature rises
from 303 K to 333 K. The choice of solvent significantly impacts
the diffusion behavior of Mg>*, Ca®*, and TFSI~ following the
trend EC > EMC > PC. The diffusion activation energy of Mg>*
and Ca®" in different solvents was determined using Arrhenius
fitting of the diffusion coefficients. The activation energy for
Mg>" diffusion was found to be 0.013 eV, 0.016 €V, and 0.014 eV
in EC, PC, and EMC, respectively, while for Ca**, the corre-
sponding values were 0.011 eV, 0.014 eV, and 0.013 eV.

Despite its higher dielectric constant, PC demonstrates lower
cation diffusion, attributed to the additional methyl group,
which introduces bulkiness, steric hindrance, and favorable
cation-anion interactions disrupting cation mobility.”>”*
Comparing Mg>" and Ca**, Mg>" consistently exhibits higher
diffusion than Ca®", regardless of the solvent or temperature it
is in agreement to a recent study by Karatrantos et al.*> showing
the same behavior by both experiments and simulations, which
is in contrary to the experimental measurements by Seki et al.>®

Fig. 1

© 2025 The Author(s). Published by the Royal Society of Chemistry

(a) Typical simulation system and the (b) ball and stick structure of the organic solvent and anion used in the simulations.

RSC Adv, 2025, 15, 10851-10860 | 10853


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra00757g

Open Access Article. Published on 07 April 2025. Downloaded on 3/1/2026 9:03:24 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

(@) ()

View Article Online

Paper

9.0+EC Mg?* 9.0+ 9.0+
o EMC » n
T |pc T T
e 6.0 - Experiment (PC) ‘O:E 6.0+ 56-0 F
e = e
X L X X
a 30 Eo: & 30F ~30F
0.0 L L 1 0.0 L 1 L 0.0 L I I
300 310 320 330 300 310 320 330 300 310 320 330
Temperature / K Temperature / K Temperature / K
(d) P (e) P ) P
90t Ca?* 9.0 9.0}
2 » ®
£ T x
o 60f ;6-0- Eeot
S S / S
S a0l x 30t X a0l
a 30 a X 30

0.0
300

0.0
300 310 320 33

Temperature / K

310
Temperature / K

310 320 330
Temperature / K

320 330 080

Fig. 2 Simulated diffusion coefficients of Mg?* ions (a), TFSI™ ions (b), and solvents (c) in Mg(TFSI), solutions. Similarly, simulated diffusion
coefficients of Ca%* ions (d), TFSI™ ions (e), and solvents (f) in Ca(TFSI), as a function of temperatures. The experimental diffusion co-efficient for
TFSI™ and PC solvents are in a triangle shape with a pink color. Different solvents, EC, EMC and PC, are indicated by blue, red, and green colors,

respectively.

Unlike monovalent cations, divalent cations show an inverse
relationship between ionic size and diffusivity, with smaller
cations diffusing more rapidly; this has also been found in the
experimental measurements.** This variation in diffusion
behavior of cation, anion and solvents is closely linked to the
nature of the ion-solvent and cation-anion interactions and the
local structures formed by the ions-solvents and in the elec-
trolyte. Therefore in the later section of the manuscript we have
quantify the pair correlations, coordination number and resi-
dence time to illustrate their direct impact on diffusion trends.

3.2 Local structure and coordination

The radial distribution function (RDF) is calculated to investi-
gate the atomic level correlation between different pairs. Typi-
cally, the g(r) of two particles, such as A and B can be calculated
as:*

Na  Np

gas(r) = 4HL},2 Z ZP(’”) (2)

where V is the volume of the simulation system, N, and Ny are
the number of atoms A and B, respectively, and the probability
of finding a B atom at a defined distance r from an A atom is
denoted by P(r).

The simulated radial distribution functions (RDFs) for
various correlations are illustrated in Fig. 3(a and b). The
solvent-solvent, Mg**-solvent, TFSI -solvent, and Mg>*~TFSI~
pairs are defined as follows: solvent-solvent interactions refer to
the pairing between the carbonyl oxygen atoms of two solvent
molecules; Mg”*-solvent interactions involve the coordination
between Mg>" and the carbonyl oxygen and other possible sites

10854 | RSC Adv,, 2025, 15, 10851-10860

of the solvent; TFSI -solvent interactions correspond to the
pairing between the nitrogen of TFSI™ and the carbonyl oxygen
of the solvent; and Mg>*-TFSI™ interactions represent the
association between Mg”* and the nitrogen of TFSI™. Both Mg>*
and Ca”" exhibit dominant coordination with the solvents. The
first solvation shell peaks for Mg”" with EC, EMC, and PC
appear at 0.23 nm, while those for Ca®>" appear at 0.26 nm,
reflecting that both of the cations are forming strong solvation
structure with all of the different solvents. However, the longer
first neighboring distance for Ca**-solvent is associated with its
larger ionic radius. The layering structure in the cation-solvent
RDFs which is observed in Fig. 3 (black lines) means that the
cations are solvated strongly by the solvent, mainly due to the
strong electrostatics between the divalent cations and the
carbonyl oxygen (which has a negative charge) of the solvent.
For solvent-solvent correlations, the first peaks for EC-EC, PC-
PC, and EMC-EMC occur at 0.23 nm, 0.31 nm, and 0.25 nm,
respectively. PC exhibits reduced accessibility to other PC
molecules compared to EC and EMC. Notably, these solvent-
solvent correlations remain unchanged when transitioning
from Mg®" to Ca®". In contrast, TFSI” does not exhibit sharp
peaks with the solvents, showing a broad peak at approximately
0.55 nm across all solvent and cationic systems. There is
a depletion layer of TFSI™ around the solvent up to that distance
(0.55 nm) from the solvent (red lines in Fig. 3). In a previous
work on divalent cations in PC solutions* it was also observed
a negligible correlation between that the Mg™ and TFSI™
anions. For TFSI -Mg”" interactions, the first peaks appear at
0.85 nm, 0.25 nm, and 0.85 nm in EC, PC, and EMC, respec-
tively. In the case of TFSI -Ca**, a pronounced peak is observed
at 0.27 nm for all solvents, indicating stronger ion-pair

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Radial distribution function of the different correlations in different solvents at 303 K temperature for Mg®* (a) and Ca®* (b) ion system.

interactions with Ca** compared to Mg>*. This trend is consis-
tent across EC, EMC, and PC, confirming that Cca*" forms
stronger ion pairs with TFSI~ than Mg”* in any of these solvent
environment. This behavior agrees with the work by Kara-
trantos,” in which classical MD simulations showed that larger
divalent cations than Mg*? (such as Ca*?, sr*?, Ba*™®) experience
a stronger interaction with anions which leads to a stronger
cation-anion coordination and thus to a decreased anion
diffusion coefficient with cation size. Ab initio orbital

calculations by Seki®® showed that Mg*> formed more stable
structure than Ca*> with PC and TFSI~, however only one PC or
TFSI” molecule was incorporated in the calculation. This
enhanced ion-pair interaction with Ca** is a key factor
contributing to its lower diffusion relative to Mg”*, as observed
in Fig. 2. Furthermore, the RDF neighboring distances remain
nearly unchanged with increasing temperature, as shown in
Fig. S4,7 indicating a robust structural arrangement over the
temperature range studied. By increasing the charge scaling
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Fig. 4 Simulated solvation structures of Mg and Ca?* with EC, EMC, and PC solvents (a), hydrogen, carbon, oxygen and carbonyl carbons are
represented as white, grey, dark red and red color respectively. Average solvation numbers of Mg?* (red) and Ca®* (blue) as a function of

temperature in EC (b), EMC (c), and PC (d) solvents.
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factor of the ions, both the cation-solvent and cation-anion
electrostatic interaction would increase which would lead to
stronger correlations in RDFs. In particular, the contact cation—-
solvent pairs will increase (1st RDF peak of the black lines in
Fig. 3) and there will exist more contact cation-anion pairs.

Fig. 4(a) illustrates the simulated ball-and-stick representa-
tions of the solvation structures for Mg®" (yellow) and Ca**
(green) in EC, EMC, and PC solvents. The solvation numbers
were determined using the first solvation shell cutoff obtained
from the cation-solvent RDFs in Fig. 3. A strong interaction
between the cations and solvents is evident, resulting in
compact solvation shell formations. Ca®>" exhibits a denser
solvation structure compared to Mg>". Notably, the carbonyl
carbon of these solvents is predominantly facing toward the
cation in the solvation shells. The average solvation numbers
for these cations across different temperatures are presented in
Fig. 4(b-d) for EC, EMC, and PC solvents. The average solvation
number remains relatively constant with temperature, high-
lighting the robust nature of these solvation shells. For Mg>",
the solvation numbers are approximately 6.6, 5.4, and 6.4 for
EC, EMC, and PC, respectively, while for Ca®>*, the values
increase to 7.5, 5.9, and 7.1 for the same solvents. The linear
geometry of EMC occupies more space within the solvation
shell compared to the cyclic geometries of EC and PC, leading to
comparatively lower solvation numbers in EMC. This structural
distinction underscores the influence of solvent geometry on
solvation dynamics and coordination environments.

3.3 Residence time

The residence time (Ry(t)), representing the average duration
that cations spend within the solvation shell of different
solvents, is depicted in Fig. 5(a—c), which is calculated based on
the exponential decaying of the solvent-cation autocorrelation
function. Typically, it uses the autocorrelation function of
a binary function A(¢), which indicates whether a particle is in
the specified cutoff region at a given time or otherwise.

(3)

(1) = 1, if particle i is within the cutoff at time
A to, otherwise

The autocorrelation function A(¢) can be then calculated as

Ri(1) = <hiy(Ohi{0)> 4)

10856 | RSC Adv, 2025, 15, 10851-10860

The time constant of an exact exponential was further
determined by considering the point where the value of the
autocorrelations function is 1/e.

The residence time exhibits a linear relationship with
temperature. However, residence time is inversely proportional
to the diffusion coefficient. Across the examined solvents and
temperatures, the residence time for both Mg®>" and Ca**
follows the trend PC > EMC > EC, which is the inverse of the
observed diffusion trends. At lower temperatures, both Mg**
and Ca”" spend approximately 1.5 times longer in PC than in
EC. The rigid solvation shells formed by PC enforce prolonged
residence times for the cations, a phenomenon further sup-
ported by favorable ion-pair interactions. Comparing the two
cations, Ca®>* consistently exhibits longer residence times than
Mg>" across all solvents, a trend opposite to their respective
diffusion coefficients. This behavior is corroborated by the
RDFs between cations and TFSI™, as shown in Fig. S4.7 Ca®"
demonstrates a pronounced peak at 0.27 nm in all solvents,
indicating stronger correlations with TFSI™ compared to Mg>",
which only shows a peak at 0.25 nm in PC. These findings
suggest that the larger ionic size of Ca®", coupled with its larger
solvation shell and stronger ion-pair interactions, stabilizes
Ca*>" within the solvation shell, thereby increasing residence
time and reducing its diffusion coefficient.

4. Conclusion

This work explores the structure and dynamics of Mg®" and Ca>*
in liquid electrolytes for the first time for EC and EMC solvents
by means of molecular dynamics, emphasizing their relevance
to energy storage systems. It was found that Mg>" diffuses faster
than Ca®>* across all tested solvents (EC, PC, EMC) due to its
smaller ionic radius and weaker ion-pair interactions. Diffu-
sion increases with temperature, with EC showing the highest
diffusion rates among solvents. Solvent geometry impacts ion
dynamics—cyclic solvents (EC and PC) enhance ion coordina-
tion, while linear solvents (EMC) reduce solvation due to spatial
limitations. Mg>" forms smaller, less compact solvation shells
compared to Ca*>*, which exhibits stronger ion—pair interactions
and higher coordination numbers, particularly with TFSI . Ca**
has longer residence times in solvation shells, aligning with its
lower diffusion rates, while Mg>* exhibits shorter residence
times due to its weaker interactions. The local coordination
structures of both ions remain robust across the studied

© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperature range, indicating reliability under varying condi-
tions. The study underscores the role of solvent selection and
ion dynamics in optimizing divalent-ion battery performance,
with Mg”* emerging as a more favorable candidate for enhanced
energy storage systems.

Data availability

The data that support the findings of this study are included in
this article and are available from the corresponding author
upon reasonable request.

Conflicts of interest

The authors declare no competing financial interests.

Acknowledgements

This research is funded by the Center for Interdisciplinary
Chemistry Research (CICR), Dhaka, Bangladesh.

References

1 B. E. Lebrouhi, Y. Khattari, B. Lamrani, M. Maaroufi,
Y. Zeraouli and T. Kousksou, Key Challenges for a Large-
Scale Development of Battery Electric Vehicles: A
Comprehensive Review, J. Energy Storage, 2021, 44, 103273,
DOLI: 10.1016/J.EST.2021.103273.

2 M. A. Hannan, M. M. Hoque, A. Mohamed and A. Ayob,
Review of Energy Storage Systems for Electric Vehicle
Applications: Issues and Challenges, Renewable Sustainable
Energy Rev., 2017, 69, 771-789, DOIL 10.1016/
J-RSER.2016.11.171.

3 E. T. Sayed, A. G. Olabi, A. H. Alami, A. Radwan, A. Mdallal,
A. Rezk and M. A. Abdelkareem, Renewable Energy and
Energy Storage Systems, Energies, 2023, 16(3), 1415, DOLI:
10.3390/en16031415.

4 Y. Chen, Y. Kang, Y. Zhao, L. Wang, J. Liu, Y. Li, Z. Liang,
X. He, X. Li, N. Tavajohi and B. Li, A Review of Lithium-Ion
Battery Safety Concerns: The Issues, Strategies, and Testing
Standards, J. Energy Chem., 2021, 59, 83-99, DOIL: 10.1016/
j-jechem.2020.10.017.

5 D. Choi, N. Shamim, A. Crawford, Q. Huang, C. K. Vartanian,
V. V. Viswanathan, M. D. Paiss, M. J. E. Alam, D. M. Reed and
V. L. Sprenkle, Li-Ion Battery Technology for Grid
Application, J. Power Sources, 2021, 511, 230419, DOI:
10.1016/j.jpowsour.2021.230419.

6 D. Deng, Li-Ion Batteries: Basics, Progress, and Challenges,
Energy Sci. Eng., 2015, 1, 385-418, DOI: 10.1002/ese3.95.

7 H. Bae and Y. Kim, Technologies of Lithium Recycling from

Waste Lithium Ion Batteries: A Review, Materials Advances,

Royal Society of Chemistry, 2021, pp. 3234-3250, DOLI:

10.1039/d1ma00216c.

M. E. Arroyo-De Dompablo, A. Ponrouch, P. Johansson and

M. R. Palacin, Achievements, Challenges, and Prospects of

Calcium Batteries, Chem. Rev., 2020, 22, 6331-6357, DOI:

10.1021/acs.chemrev.9b00339.

[e]

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

9 C. Xu, B. Li, H. Du and F. Kang, Energetic Zinc Ion
Chemistry: The Rechargeable Zinc Ion Battery, Angew.
Chem., Int. Ed., 2012, 51(4), 933-935, DOI 10.1002/
anie.201106307.

10 J. Muldoon, C. B. Bucur and T. Gregory, Quest for
Nonaqueous Multivalent Secondary Batteries: Magnesium
and Beyond, Chem. Rev., 2014, 10, 11683-11720, DOI:
10.1021/cr500049y.

11 A. V. Karatrantos, M. S. Khan, C. Yan, R. Dieden, K. Urita,
T. Ohba and Q. Cai, Ion Transport in Organic Electrolyte
Solutions for Lithium-Ion Batteries and Beyond, J. Nucl
Energy Sci. Power Gener. Technol., 2021, 03(03), 1, DOI:
10.21926/jept.2103043.

12 S. Faraezi, F. Sharmin, A. Barua, A. M. M. Hasan, T. Ferdaus
and M. S. Khan, Cation-Specific Interfacial Behavior in
Organic Electrolytes for Enhanced Energy Storage,
Electrochim. Acta, 2024, 508, 145229, DOI: 10.1016/
J.ELECTACTA.2024.145229.

13 H. Wu, S. Luo, H. Wang, L. Li, Y. Fang, F. Zhang, X. Gao,
Z. Zhang and W. Yuan, A Review of Anode Materials for
Dual-Ton Batteries, Nano-Micro Lett., 2024, 16(1), 1-57, DOI:
10.1007/S40820-024-01470-W.

14 H. Zhang, L. Qiao, H. Kiihnle, E. Figgemeier, M. Armand and
G. G. Eshetu, From Lithium to Emerging Mono- and
Multivalent-Cation-Based Rechargeable Batteries: Non-
Aqueous Organic Electrolyte and Interphase Perspectives,
Energy Environ. Sci., 2023, 16(1), 11-52, DOI: 10.1039/
D2EE02998G.

15 V. Alekseenko and A. Alekseenko, The Abundances of
Chemical Elements in Urban Soils, J. Geochem. Explor.,
2014, 147, 245-249, DOI: 10.1016/j.gexplo.2014.08.003.

16 P. Saha, M. K. Datta, O. I. Velikokhatnyi, A. Manivannan,
D. Alman and P. N. Kumta, Rechargeable Magnesium
Battery: Current Status and Key Challenges for the Future,
Prog.  Mater.  Sci., 2014, 1-86, DOIL  10.1016/
j-pmatsci.2014.04.001.

17 R. Yokozaki, H. Kobayashi and I. Honma, Reductive
Solvothermal Synthesis of MgMn,0, Spinel Nanoparticles
for Mg-Ion Battery Cathodes, Ceram. Int., 2021, 47, 10236-
10241, DOIL: 10.1016/j.ceramint.2020.10.184.

18 R. J. Gummow; G. Vamvounis; M. B. Kannan and Y. He,
Calcium-Ton Batteries: Current State-of-the-Art and Future
Perspectives, Advanced Materials, Wiley-VCH Verlag
September, vol. 26, 2018, doi: DOIL: 10.1002/
adma.201801702.

19 Y. Liang, H. Dong, D. Aurbach and Y. Yao, Current Status
and Future Directions of Multivalent Metal-Ion Batteries,
Nat. Energy, 2020, 5, 646-656, DOI: 10.1038/s41560-020-
0655-0.

20 H. Liu, X. B. Cheng, Z. Jin, R. Zhang, G. Wang, L. Q. Chen,
Q. B. Liu, J. Q. Huang and Q. Zhang, Recent Advances in
Understanding Dendrite Growth on Alkali Metal Anodes,
EnergyChem, 2019, 1(1), 100003, DOI  10.1016/
J.ENCHEM.2019.100003.

21 A. Hagopian, M. L. Doublet and J. S. Filhol, Thermodynamic
Origin of Dendrite Growth in Metal Anode Batteries, Energy

RSC Adv, 2025, 15, 10851-10860 | 10857


https://doi.org/10.1016/J.EST.2021.103273
https://doi.org/10.1016/J.RSER.2016.11.171
https://doi.org/10.1016/J.RSER.2016.11.171
https://doi.org/10.3390/en16031415
https://doi.org/10.1016/j.jechem.2020.10.017
https://doi.org/10.1016/j.jechem.2020.10.017
https://doi.org/10.1016/j.jpowsour.2021.230419
https://doi.org/10.1002/ese3.95
https://doi.org/10.1039/d1ma00216c
https://doi.org/10.1021/acs.chemrev.9b00339
https://doi.org/10.1002/anie.201106307
https://doi.org/10.1002/anie.201106307
https://doi.org/10.1021/cr500049y
https://doi.org/10.21926/jept.2103043
https://doi.org/10.1016/J.ELECTACTA.2024.145229
https://doi.org/10.1016/J.ELECTACTA.2024.145229
https://doi.org/10.1007/S40820-024-01470-W
https://doi.org/10.1039/D2EE02998G
https://doi.org/10.1039/D2EE02998G
https://doi.org/10.1016/j.gexplo.2014.08.003
https://doi.org/10.1016/j.pmatsci.2014.04.001
https://doi.org/10.1016/j.pmatsci.2014.04.001
https://doi.org/10.1016/j.ceramint.2020.10.184
https://doi.org/10.1002/adma.201801702
https://doi.org/10.1002/adma.201801702
https://doi.org/10.1038/s41560-020-0655-0
https://doi.org/10.1038/s41560-020-0655-0
https://doi.org/10.1016/J.ENCHEM.2019.100003
https://doi.org/10.1016/J.ENCHEM.2019.100003
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra00757g

Open Access Article. Published on 07 April 2025. Downloaded on 3/1/2026 9:03:24 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

Environ. Sci., 2020, 13(12), 5186-5197, DOIL 10.1039/
DOEE02665D.

22 Y. Zhao, X. Zhang, J. Xiao, H. Fan, J. Zhang, H. Liu, Y. Liu,
H. Yuan, S. Fan and Y. Zhang, Effect of Mg Cation
Diffusion Coefficient on Mg Dendrite Formation, ACS Appl.
Mater. Interfaces, 2022, 14(5), 6499-6506, DOIL: 10.1021/
ACSAMI.1C18543/SUPPL_FILE/AM1C18543_SI_001.

23 H. R. Tinker, C. A. Howard, M. Zhou and Y. Xu, Exploring
Anodes for Calcium-Ion Batteries, Mater Adv., 2023, 4(9),
2028-2041, DOI: 10.1039/D2MA01034H.

24 M. Walter, M. V. Kovalenko and K. V. Kravchyk, Challenges
and Benefits of Post-Lithium-Ion Batteries, New J. Chem.,
2020, 44(5), 1677-1683, DOI: 10.1039/CINJ05682C.

25 Y. Liang, C. Z. Zhao, H. Yuan, Y. Chen, W. Zhang,
J. Q. Huang, D. Yu, Y. Liu, M. M. Titirici, Y. L. Chueh,
H. Yu and Q. Zhang, A Review of Rechargeable Batteries
for Portable Electronic Devices, InfoMat, 2019, 1(1), 6-32,
DOI: 10.1002/INF2.12000.

26 K. Xu, Nonaqueous Liquid Electrolytes for Lithium-Based
Rechargeable Batteries, Chem. Rev., 2004, 104(10), 4303-
4417, DOI: 10.1021/CR030203G/ASSET/
CR030203G.FP.PNG_V03.

27 J. Kalhoff, G. G. Eshetu, D. Bresser and S. Passerini, Safer
Electrolytes for Lithium-Ion Batteries:State of the Art and
Perspectives, ChemSusChem, 2015, 8, 2154-2175, DOIL
10.1002/cssc.201500284.

28 N. Molinari, J. P. Mailoa and B. Kozinsky, Effect of Salt
Concentration on Ion Clustering and Transport in Polymer
Solid Electrolytes: A Molecular Dynamics Study of PEO-
LiTFSI, Chem. Mater., 2018, 30(18), 6298-6306, DOI:
10.1021/acs.chemmater.8b01955.

29 S. Faraezi, M. S. Khan and T. Ohba, Dehydration of Cations
Inducing Fast Ion Transfer and High Electrical Capacitance
Performance on Graphene Electrode in Aqueous
Electrolytes, Ind. Eng. Chem. Res., 2020, 59(13), 5768-5774,
DOL: 10.1021/acs.iecr.9b06415.

30 H. Liu and H. Yu, Ionic Liquids for Electrochemical Energy
Storage Devices Applications, J. Mater. Sci. Technol., 2019,
1, 674-686, DOI: 10.1016/j.jmst.2018.10.007.

31 Y. Man, P. Jaumaux, Y. Xu, Y. Fei, X. Mo, G. Wang and
X. Zhou, Research Development on Electrolytes for
Magnesium-Ion Batteries, Sci. Bull., 2023, 1819-1842, DOI:
10.1016/j.s¢ib.2023.07.027.

32 M. S. Khan, A. Van Roekeghem, S. Mossa, F. Ivol, L. Bernard,
L. Picard and N. Mingo, Modelling Structure and Ionic
Diffusion in a Class of Ionic Liquid Crystal-Based Solid
Electrolytes, Phys. Chem. Chem. Phys., 2023, 26(5), 4338-
4348, DOI: 10.1039/D3CP05048C.

33 J. Vatamanu and D. Bedrov, Capacitive Energy Storage:
Current and Future Challenges, J. Phys. Chem. Lett., 2015,
6(18), 3594-3609, DOIL: 10.1021/ACS.JPCLETT.5B01199/
ASSET/IMAGES/MEDIUM/JZ-2015-01199S_0009.GIF.

34 H. Takamatsu, M. S. Khan, T. Araki, C. Urita, K. Urita and
T. Ohba, Sequential and Simultaneous Ion Transfer into
Carbon Nanopores during Charge-Discharge Cycles in
Electrical Double Layer Capacitors, Sustainable Energy
Fuels, 2022, 6(8), 2001-2009, DOI: 10.1039/D1SE01975A.

10858 | RSC Adv, 2025, 15, 10851-10860

View Article Online

Paper

35 K. Urita, N. Ide, K. Isobe, H. Furukawa and I. Moriguchi,
Enhanced Electric Double-Layer Capacitance by
Desolvation of Lithium Ions in Confined Nanospaces of
Microporous Carbon, ACS Nano, 2014, 8(4), 3614-3619,
DOI: 10.1021/NN500169K/SUPPL_FILE/NN500169K_SI_001.

36 C. Wang, Y. Huang, Y. Lu, H. Pan, B. B. Xu, W. Sun, M. Yan
and Y. Jiang, Reversible Magnesium Metal Anode Enabled by
Cooperative Solvation/Surface Engineering in Carbonate
Electrolytes, Nano-Micro Lett., 2021, 13(1), 1-11, DOL
10.1007/S40820-021-00716-1/FIGURES/4.

37 J. Pan, A. P. Charnay, W. Zheng and M. D. Fayer, Revealing
Lithium Ion Transport Mechanisms and Solvation
Structures in Carbonate Electrolytes, J. Am. Chem. Soc.,
2024, 146, 35329-35338, DOI: 10.1021/jacs.4c13423.

38 R. Andersson, C. Ménich, G. Hernandez, M. Schénhoff and
J. Mindemark, Transference Numbers and Ion
Coordination Strength for Mg®>*, Na®, and K" in Solid
Polymer Electrolytes, J. Phys. Chem. C, 2024, 128(39),
16393-16399, DOIL:  10.1021/ACS.JPCC.4C04632/ASSET/
IMAGES/LARGE/JP4C04632_0006.JPEG.

39 R. Tian, S. H. Park, P. J. King, G. Cunningham, J. Coelho,
V. Nicolosi and J. N. Coleman, Quantifying the Factors
Limiting Rate Performance in Battery Electrodes, Nat.
Commun., 2019, 10(1), 1-11, DOIL 10.1038/s41467-019-
09792-9.

40 C. Liang, K. Kwak and M. Cho, Revealing the Solvation
Structure and Dynamics of Carbonate Electrolytes in
Lithium-ITon Batteries by Two-Dimensional Infrared
Spectrum Modeling, J. Phys. Chem. Lett., 2017, 8(23), 5779-
5784, DOI: 10.1021/ACS.JPCLETT.7B02623/SUPPL_FILE/
JZ7B02623_SI_001.PDF.

41 D. S. Tchitchekova, D. Monti, P. Johansson, F. Bardé,
A. Randon-Vitanova, M. R. Palacin and A. Ponrouch, On
the Reliability of Half-Cell Tests for Monovalent (Li*, Na")
and Divalent (Mg>", Ca®") Cation Based Batteries, J.
Electrochem. Soc., 2017, 164(7), A1384-A1392, DOI: 10.1149/
2.0411707jes.

42 ]J. D. Forero-Saboya, E. Marchante, R. B. Araujo, D. Monti,
P. Johansson and A. Ponrouch, Cation Solvation and
Physicochemical Properties of Ca Battery Electrolytes, J.
Phys. Chem. C, 2019, 123(49), 29524-29532, DOIL: 10.1021/
ACS.JPCC.9B07308/ASSET/IMAGES/LARGE/
JP9B07308_0005.JPEG.

43 K. Hayamizu, Y. Aihara, S. Arai and C. G. Martinez, Pulse-
Gradient Spin-Echo 1H, 7Li, and 19F NMR Diffusion and
Ionic Conductivity Measurements of 14 Organic
Electrolytes Containing LiN(SO,CF3),, J. Phys. Chem. B,
1999, 103(3), 519-524, DOI: 10.1021/JP9825664.

44 XK. S. Han, J. D. Bazak, Y. Chen, T. R. Graham,
N. M. Washton, J. Z. Hu, V. Murugesan and K. T. Mueller,
Pulsed Field Gradient Nuclear Magnetic Resonance and
Diffusion Analysis in Battery Research, Chem. Mater., 2021,
33(22), 8562-8590, DOI: 10.1021/
ACS.CHEMMATER.1C02891/ASSET/IMAGES/MEDIUM/
CM1C02891_0028.GIF.

45 A. V. Karatrantos, M. Middendorf, D. R. Nosov, Q. Cai,
S. Westermann, K. Hoffmann, P. Nurnberg, A. S. Shaplov

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1039/D0EE02665D
https://doi.org/10.1039/D0EE02665D
https://doi.org/10.1021/ACSAMI.1C18543/SUPPL_FILE/AM1C18543_SI_001
https://doi.org/10.1021/ACSAMI.1C18543/SUPPL_FILE/AM1C18543_SI_001
https://doi.org/10.1039/D2MA01034H
https://doi.org/10.1039/C9NJ05682C
https://doi.org/10.1002/INF2.12000
https://doi.org/10.1021/CR030203G/ASSET/CR030203G.FP.PNG_V03
https://doi.org/10.1021/CR030203G/ASSET/CR030203G.FP.PNG_V03
https://doi.org/10.1002/cssc.201500284
https://doi.org/10.1021/acs.chemmater.8b01955
https://doi.org/10.1021/acs.iecr.9b06415
https://doi.org/10.1016/j.jmst.2018.10.007
https://doi.org/10.1016/j.scib.2023.07.027
https://doi.org/10.1039/D3CP05048C
https://doi.org/10.1021/ACS.JPCLETT.5B01199/ASSET/IMAGES/MEDIUM/JZ-2015-01199S_0009.GIF
https://doi.org/10.1021/ACS.JPCLETT.5B01199/ASSET/IMAGES/MEDIUM/JZ-2015-01199S_0009.GIF
https://doi.org/10.1039/D1SE01975A
https://doi.org/10.1021/NN500169K/SUPPL_FILE/NN500169K_SI_001
https://doi.org/10.1007/S40820-021-00716-1/FIGURES/4
https://doi.org/10.1021/jacs.4c13423
https://doi.org/10.1021/ACS.JPCC.4C04632/ASSET/IMAGES/LARGE/JP4C04632_0006.JPEG
https://doi.org/10.1021/ACS.JPCC.4C04632/ASSET/IMAGES/LARGE/JP4C04632_0006.JPEG
https://doi.org/10.1038/s41467-019-09792-9
https://doi.org/10.1038/s41467-019-09792-9
https://doi.org/10.1021/ACS.JPCLETT.7B02623/SUPPL_FILE/JZ7B02623_SI_001.PDF
https://doi.org/10.1021/ACS.JPCLETT.7B02623/SUPPL_FILE/JZ7B02623_SI_001.PDF
https://doi.org/10.1149/2.0411707jes
https://doi.org/10.1149/2.0411707jes
https://doi.org/10.1021/ACS.JPCC.9B07308/ASSET/IMAGES/LARGE/JP9B07308_0005.JPEG
https://doi.org/10.1021/ACS.JPCC.9B07308/ASSET/IMAGES/LARGE/JP9B07308_0005.JPEG
https://doi.org/10.1021/ACS.JPCC.9B07308/ASSET/IMAGES/LARGE/JP9B07308_0005.JPEG
https://doi.org/10.1021/JP9825664
https://doi.org/10.1021/ACS.CHEMMATER.1C02891/ASSET/IMAGES/MEDIUM/CM1C02891_0028.GIF
https://doi.org/10.1021/ACS.CHEMMATER.1C02891/ASSET/IMAGES/MEDIUM/CM1C02891_0028.GIF
https://doi.org/10.1021/ACS.CHEMMATER.1C02891/ASSET/IMAGES/MEDIUM/CM1C02891_0028.GIF
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra00757g

Open Access Article. Published on 07 April 2025. Downloaded on 3/1/2026 9:03:24 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

and M. Schonhoff, Diffusion and Structure of Propylene
Carbonate-Metal Salt Electrolyte Solutions for Post-
Lithium-Ton Batteries: From Experiment to Simulation, J.
Chem. Phys., 2024, 161(5), 054502, DOI: 10.1063/5.0216222.

46 E. O. Stejskal and J. E. Tanner, Spin Diffusion
Measurements: Spin Echoes in the Presence of
a Time-Dependent Field Gradient, J. Chem. Phys., 1965,
42(1), 288-292, DOIL: 10.1063/1.1695690.

47 G. Agarwal, J. D. Howard, V. Prabhakaran, G. E. Johnson,
V. Murugesan, K. T. Mueller, L. A. Curtiss and R. S. Assary,
Insights into Spontaneous Solid Electrolyte Interphase
Formation at Magnesium Metal Anode Surface from Ab
Initio Molecular Dynamics Simulations, ACS Appl. Mater.
Interfaces, 2021, 13(32), 38816-38825, DOIL 10.1021/
ACSAMI.1C07864/SUPPL_FILE/AM1C07864_SI_002.ZIP.

48 M. K. Masood, J. Wang, J. Song and Y. Liu, Exploring the
Potential of MB4 (M = Cr, Mo, and W) MBenes as High-
Capacity Anode Materials for Ca-Ion Batteries: A DFT
Approach, J. Mater. Chem. A, 2024, 12(34), 22945-22959,
DOI: 10.1039/D4TA02176B.

49 S. S. R. K. C. Yamijala, H. Kwon, J. Guo and B. M. Wong,
Stability of Calcium Ion Battery Electrolytes: Predictions
from Ab Initio Molecular Dynamics Simulations, ACS Appl.
Mater. Interfaces, 2021, 13(11), 13114-13122, DOL: 10.1021/
ACSAMI.0C21716/SUPPL_FILE/AMO0C21716_SI_001.

50 P. Ganesh, D. E. Jiang and P. R. C. Kent, Accurate Static and
Dynamic Properties of Liquid Electrolytes for Li-Ion
Batteries from Ab Initio Molecular Dynamics, J. Phys. Chem.
B, 2011, 115(12), 3085-3090, DOI: 10.1021/JP2003529/
ASSET/IMAGES/MEDIUM/JP-2011-003529_0009.

51 O. Borodin and G. D. Smith, LiTFSI Structure and Transport
in Ethylene Carbonate from Molecular Dynamics
Simulations, J. Phys. Chem. B, 2006, 110(10), 4971-4977,
DOI: 10.1021/JP056249Q/SUPPL_FILE/
JP056249QS120051030_065542.

52 D. Samuel, C. Steinhauser, J. G. Smith, A. Kaufman,
M. D. Radin, J. Naruse, H. Hiramatsu and D. J. Siegel, Ion
Pairing and Diffusion in Magnesium Electrolytes Based on
Magnesium Borohydride, ACS Appl. Mater. Interfaces, 2017,
9(50), 43755-43766, DOI: 10.1021/acsami.7b15547.

53 T. D. Gregory, R. ]J. Hoffman and R. C. Winterton,
Nonaqueous Electrochemistry of Magnesium: Applications
to Energy Storage, J. Electrochem. Soc., 1990, 137(3), 775-
780, DOI: 10.1149/1.2086553/XML.

54 S. H. Lapidus, N. N. Rajput, X. Qu, K. W. Chapman,
K. A. Persson and P. J. Chupas, Solvation Structure and
Energetics of Electrolytes for Multivalent Energy Storage,
Phys. Chem. Chem. Phys., 2014, 16(40), 21941-21945, DOI:
10.1039/C4CP03015].

55 S. Terada, T. Mandai, S. Suzuki, S. Tsuzuki, K. Watanabe,
Y. Kamei, K. Ueno, K. Dokko and M. Watanabe, Thermal
and Electrochemical Stability of Tetraglyme-Magnesium
Bis(Trifluoromethanesulfonyl)Amide ~ Complex:  Electric
Field Effect of Divalent Cation on Solvate Stability, J. Phys.
Chem. C, 2016, 120(3), 1353-1365, DOL 10.1021/
acs.jpce.5b09779.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

56 Y. Y. Hwang, N. K. Lee, S. H. Park, J. Shin and Y. J. Lee, TFSI
Anion Grafted Polymer as an Ion-Conducting Protective
Layer on Magnesium Metal for Rechargeable Magnesium
Batteries, Energy Storage Mater., 2022, 51, 108-121, DOL:
10.1016/J.ENSM.2022.06.014.

57 Z. Lu, A. Schechter, M. Moshkovich and D. Aurbach, On the
Electrochemical Behavior of Magnesium Electrodes in Polar
Aprotic Electrolyte Solutions, J. Electroanal. Chem., 1999,
466, 203-217, DOLI: 10.1016/80022-0728(99)00146-1.

58 T.T. Tran, W. M. Lamanna and M. N. Obrovac, Evaluation of
Mg[N(SO,CF3),],/Acetonitrile Electrolyte for Use in Mg-Ion
Cells, J. Electrochem. Soc., 2012, 159(12), A2005-A2009,
DOL: 10.1149/2.012301jes.

59 S. Seki, K. Hayamizu, S. Tsuzuki, K. Takahashi, Y. Ishino,
M. Kato, E. Nozaki, H. Watanabe and Y. Umebayashi,
Density, Viscosity, Ionic Conductivity, and Self-Diffusion
Coefficient of Organic Liquid Electrolytes: Part I. Propylene
Carbonate + Li, Na, Mg and Ca Cation Salts, J. Electrochem.
Soc., 2018, 165(3), A542, DOIL: 10.1149/2.0081803]JES.

60 A. P. Thompson, H. M. Aktulga, R. Berger,
D. S. Bolintineanu, W. M. Brown, P. S. Crozier, P. J. in 't
Veld, A. Kohlmeyer, S. G. Moore, T. D. Nguyen, R. Shan,
M. ]. Stevens, ]J. Tranchida, C. Trott and S. J. Plimpton,
LAMMPS - a Flexible Simulation Tool for Particle-Based
Materials Modeling at the Atomic, Meso, and Continuum
Scales, Comput. Phys. Commun., 2022, 271, 108171, DOI:
10.1016/J.CPC.2021.108171.

61 M. S. Khan, A. V. Karatrantos, T. Ohba and Q. Cai, The Effect
of Different Organic Solvents and Anion Salts on Sodium Ion
Storage in Cylindrical Carbon Nanopores, Phys. Chem. Chem.
Phys., 2019, 21(41), 22722-22731, DOI: 10.1039/c9¢cp03332g.

62 A. Karatrantos, S. Khan, T. Ohba and Q. Cai, The Effect of
Different Organic Solvents on Sodium Ion Storage in
Carbon Nanopores, Phys. Chem. Chem. Phys., 2018, 20(9),
6307-6315, DOI: 10.1039/C7CP04878E.

63 S. Mamatkulov and N. Schwierz, Force Fields for Monovalent
and Divalent Metal Cations in TIP3P Water Based on
Thermodynamic and Kinetic Properties, J. Chem. Phys.,
2018, 148(7), 074504, DOI: 10.1063/1.5017694.

64 A. Y. Toukmaji and J. A. Board Ewald, Summation
Techniques in Perspective: A Survey, Comput. Phys.
Commun., 1996, 95, 73-92, DOIL 10.1016/0010-4655(96)
00016-1.

65 M. S. Ding and T. R. Jow, Properties of PC-EA Solvent and Its
Solution of LiBOB Comparison of Linear Esters to Linear
Carbonates for Use in Lithium Batteries, J. Electrochem.
Soc., 2005, 152(6), A1199, DOI: 10.1149/1.1914757/XML.

66 D. Yaakov, Y. Gofer, D. Aurbach and I. C. Halalay, On the
Study of Electrolyte Solutions for Li-Ion Batteries That Can
Work Over a Wide Temperature Range, J. Electrochem. Soc.,
2010, 157(12), A1383, DOI: 10.1149/1.3507259/XML.

67 B. ]J. Kirby and P. Jungwirth, Charge Scaling Manifesto: A
Way of Reconciling the Inherently Macroscopic and
Microscopic Natures of Molecular Simulations, J. Phys.
Chem. Lett., 2019, 10(23), 7531-7536, DOI: 10.1021/
ACS.JPCLETT.9B02652/ASSET/IMAGES/MEDIUM/
JZ9B02652_0003.

RSC Adv, 2025, 15, 10851-10860 | 10859


https://doi.org/10.1063/5.0216222
https://doi.org/10.1063/1.1695690
https://doi.org/10.1021/ACSAMI.1C07864/SUPPL_FILE/AM1C07864_SI_002.ZIP
https://doi.org/10.1021/ACSAMI.1C07864/SUPPL_FILE/AM1C07864_SI_002.ZIP
https://doi.org/10.1039/D4TA02176B
https://doi.org/10.1021/ACSAMI.0C21716/SUPPL_FILE/AM0C21716_SI_001
https://doi.org/10.1021/ACSAMI.0C21716/SUPPL_FILE/AM0C21716_SI_001
https://doi.org/10.1021/JP2003529/ASSET/IMAGES/MEDIUM/JP-2011-003529_0009
https://doi.org/10.1021/JP2003529/ASSET/IMAGES/MEDIUM/JP-2011-003529_0009
https://doi.org/10.1021/JP056249Q/SUPPL_FILE/JP056249QSI20051030_065542
https://doi.org/10.1021/JP056249Q/SUPPL_FILE/JP056249QSI20051030_065542
https://doi.org/10.1021/acsami.7b15547
https://doi.org/10.1149/1.2086553/XML
https://doi.org/10.1039/C4CP03015J
https://doi.org/10.1021/acs.jpcc.5b09779
https://doi.org/10.1021/acs.jpcc.5b09779
https://doi.org/10.1016/J.ENSM.2022.06.014
https://doi.org/10.1016/S0022-0728(99)00146-1
https://doi.org/10.1149/2.012301jes
https://doi.org/10.1149/2.0081803JES
https://doi.org/10.1016/J.CPC.2021.108171
https://doi.org/10.1039/c9cp03332g
https://doi.org/10.1039/C7CP04878E
https://doi.org/10.1063/1.5017694
https://doi.org/10.1016/0010-4655(96)00016-1
https://doi.org/10.1016/0010-4655(96)00016-1
https://doi.org/10.1149/1.1914757/XML
https://doi.org/10.1149/1.3507259/XML
https://doi.org/10.1021/ACS.JPCLETT.9B02652/ASSET/IMAGES/MEDIUM/JZ9B02652_0003
https://doi.org/10.1021/ACS.JPCLETT.9B02652/ASSET/IMAGES/MEDIUM/JZ9B02652_0003
https://doi.org/10.1021/ACS.JPCLETT.9B02652/ASSET/IMAGES/MEDIUM/JZ9B02652_0003
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra00757g

Open Access Article. Published on 07 April 2025. Downloaded on 3/1/2026 9:03:24 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

68

69

70

M. 1. Chaudhari, J. R. Nair, L. R. Pratt, F. A. Soto,
P. B. Balbuena and S. B. Rempe, Scaling Atomic Partial
Charges of Carbonate Solvents for Lithium Ion Solvation
and Diffusion, J. Chem. Theory Comput., 2016, 12(12),
5709-5718, DOI: 10.1021/ACS.JCTC.6B00824/SUPPL_FILE/
CT6B00824_SI_001.

I. V. Leontyev and A. A. Stuchebrukhov,
Continuum Model for Molecular Dynamics Simulations of
Biological Molecules, J. Chem. Theory Comput., 2010, 6(5),
1498-1508, DOI: 10.1021/CT9005807.

I. Leontyev and A. Stuchebrukhov, Accounting for Electronic
Polarization in Non-Polarizable Force Fields, Phys. Chem.
Chem. Phys., 2011, 13(7), 2613-2626, DOIL 10.1039/
CO0CP01971B.

Electronic

10860 | RSC Adv, 2025, 15, 10851-10860

View Article Online

Paper

71 G. D. Barbosa, X. Liu, K. E. O'Harra, J. E. Bara and

C. H. Turner, Charge Scaling Parameter Evaluation for
Multivalent Ionic Liquids with Fixed Point Charge Force
Fields, J. Ionic Lig., 2022, 2(1), 100020, DOI: 10.1016/
J.JIL.2022.100020.

72 M. Wu, M. Yang, J. Yu, X. Ma, S. Sun, Y. She, ]J. Yang, X. Zou,

Y. Hu and F. Yan, Weakly Solvating Electrolytes for Safe and
Fast-Charging Sodium Metal Batteries, J. Am. Chem. Soc.,
2024, 146, 35229-35241, DOI: 10.1021/jacs.4c12353.

73 N. Peruzzi, P. Lo Nostro, B. W. Ninham and P. Baglioni, The

Solvation of Anions in Propylene Carbonate, J. Solution
Chem., 2015, 44(6), 1224-1239, DOI: 10.1007/S10953-015-
0335-Z/METRICS.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1021/ACS.JCTC.6B00824/SUPPL_FILE/CT6B00824_SI_001
https://doi.org/10.1021/ACS.JCTC.6B00824/SUPPL_FILE/CT6B00824_SI_001
https://doi.org/10.1021/CT9005807
https://doi.org/10.1039/C0CP01971B
https://doi.org/10.1039/C0CP01971B
https://doi.org/10.1016/J.JIL.2022.100020
https://doi.org/10.1016/J.JIL.2022.100020
https://doi.org/10.1021/jacs.4c12353
https://doi.org/10.1007/S10953-015-0335-Z/METRICS
https://doi.org/10.1007/S10953-015-0335-Z/METRICS
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra00757g

	Interplay between organic solvent geometry and divalent cation dynamics in divalent metal batteriesElectronic supplementary information (ESI)...
	Interplay between organic solvent geometry and divalent cation dynamics in divalent metal batteriesElectronic supplementary information (ESI)...
	Interplay between organic solvent geometry and divalent cation dynamics in divalent metal batteriesElectronic supplementary information (ESI)...
	Interplay between organic solvent geometry and divalent cation dynamics in divalent metal batteriesElectronic supplementary information (ESI)...
	Interplay between organic solvent geometry and divalent cation dynamics in divalent metal batteriesElectronic supplementary information (ESI)...
	Interplay between organic solvent geometry and divalent cation dynamics in divalent metal batteriesElectronic supplementary information (ESI)...
	Interplay between organic solvent geometry and divalent cation dynamics in divalent metal batteriesElectronic supplementary information (ESI)...

	Interplay between organic solvent geometry and divalent cation dynamics in divalent metal batteriesElectronic supplementary information (ESI)...
	Interplay between organic solvent geometry and divalent cation dynamics in divalent metal batteriesElectronic supplementary information (ESI)...
	Interplay between organic solvent geometry and divalent cation dynamics in divalent metal batteriesElectronic supplementary information (ESI)...
	Interplay between organic solvent geometry and divalent cation dynamics in divalent metal batteriesElectronic supplementary information (ESI)...


