Computational Determination of the Solvation
Structure of LiBF, and LiPF; Salts in Battery
Electrolytes

M.D. Hashan C. Peiris?®, Scott Brennan®P, Diana Liepinya®, Hao Liu®4,
Manuel Smeu®P-*

% Materials Science and Engineering, Binghamton University, Binghamton, NY, USA
b Department of Physics, Binghamton University, Binghamton, NY, USA
¢Materials Science and Engineering, University of Maryland, College Park, MD, USA
4 Department of Chemistry, Binghamton University, Binghamton, NY, USA

Abstract

Li-ion battery technology has come a long way since its initial development
a few decades ago. However, expectations of energy storage continue to grow,
making the optimization of battery technology vital. Along with improving
the electrochemical performance of electrodes, investigation of the properties of
the electrolyte has thus become necessary. In this work, we use first principles
computational modeling to investigate the structural and physical interactions
of a common solvent solution, ethylene carbonate:dimethyl carbonate, with two
salts, LiPFg and LiBF4. We look at how the solvation shells form and evolve us-
ing ab initio molecular dynamics (AIMD) simulations. The solvation structures
extracted from the calculated trajectories are used to investigate the energet-
ics of removal of individual solvent molecules using density functional theory
(DFT). We also investigate the order in which the solvent molecules form a
shell around the salts. LiBF4 and LiPFg have similar solvation structures and
interaction energies with the solvent, with a preference for the carbonyl oxy-
gens and the ether oxygens to interact with the Lit cations, and the methyl or
methylene groups to interact with the BF4~ or PFg™ anions. Our calculations

also find that the solvation shell formed around LiPFg can desolvate more easily
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compared to LiBFy, suggesting easier kinetics/diffusion.
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1. Introduction

Rechargeable Li-ion batteries (LIBs) have emerged as the primary solution
for the storage of electrical energy due to their economic viability, energy ef-
ficiency, and high reliability. Extensive utilization of battery technology for
energy storage is expected to continue into the foreseeable future due to the
emergence of a variety of renewable energy generation methods and climate
change concerns with the general public. Moreover, the miniaturization of many
electronic devices and the popularity of green vehicles necessitates the continued
research and development of battery technology.

An LIB typically consists of an anode (negative electrode) made of graphite,
a cathode (positive electrode) made of a LiMOg, where M is a transition metal
in a layered oxide (e.g., LiCoOs), and an electrolyte with a lithium salt (e.g.,
LiPFg) dissolved in a mixture of alkylcarbonate organic solvents (e.g., ethylene
carbonate-dimethyl carbonate, EC-DMC), one of many electrolyte configura-
tions that have been researched and deployed commercially [1]. Other com-
monly used organic carbonates include mixtures of ethylene carbonate (EC)
with propylene carbonate (PC), dimethoxyethane (DME), diethyl carbonate
(DEC), and/or ethyl methyl carbonate (EMC) at various proportions [2, 3, 4].

The electrolyte should be stable for a specific range of temperatures for which
the battery is expected to operate. Hence, the melting and boiling points of the
electrolyte should be outside operating temperatures and consistent throughout
its lifetime. Furthermore, due regard to operational safety and environmental
friendliness in manufacturing, regular usage and end-of-life processing of elec-

trolytes is also necessary.



During the cycling of the battery, the Li ions diffuse through the electrolyte
between the cathode and the anode. While the solid electrolyte interface (SEI)
is often attributed as the main layer of protection for an electrode [5, 6, 7, 8],
it is dependent on the electrolyte being used and its inherent decomposition
characteristics. Within the electrolytic volume, organic molecules may decom-
pose due to interactions with water, concentration gradients with the cathode,
or operating outside their thermal stability range. This decomposition can lead
to a decrease in electrochemical performance [9, 10]. If the electrolyte-ion in-
teraction is too strong, it can also result in reduced intercalation of Li ions into
the electrode, as the ion needs to be able to leave the solvation shell to enter
the electrode. The diffusion process is complicated by the fact that Li ions tend
to form clusters of molecules known as solvation shells with the other organic
solvent molecules and anions in the electrolyte. This lowers the diffusivity of the
Li ions, reducing the ease with which the ion can move across the electrolyte.
Additionally, solvation shells can play a large role in electrode stability [11, 12].
Therefore, a better understanding of how the electrolyte molecules interact with
the Li ions is needed to optimize the performance of the battery.

Inter-ionic interactions in the salts used in electrolytes are typically iden-
tified by the arrangement of anions and cations. For electrolytes consisting of
metal cations (MT), anions (X~) and solvent molecules (S), these are iden-
tified as solvent shared ion pair (SIP) (M*SX™), solvent separated ion pair
(SSIP) (M*TSSX ™), contact ion pair (CIP) (MTX ™) and aggregate coordination
(AGG) which can exist in various forms (MTX ™M™ triple ions, ion pair dimers
(MTX7)q, or other larger forms) (Fig. 1) [13, 14].

The solvation structure of Lit in EC/DMC solvent environments is well
known, with four molecules occupying the first solvation shell [15, 16, 17, 18].

However, the solvation shell of anions is harder to study and can lead to unclear



Figure 1: Common types of ion pairs found in solutions: contact ion pair (CIP), solvent shared
ion pair (SIP), solvent separated ion pair (SSIP), and aggregate (AGG) shown here for LiBF4
salt dissolved in a solution of EC.

results [16, 19, 20, 21]. Chaban and coworkers used the semi-empirical PM7-MD
method to study a set of neutral and negatively charged systems containing PC
and DME molecules, BF4~ and PFg~ anions, and lithium cations. When in
a contact ion pair with LiT, they proposed a first solvation shell for BF4~ to
have 2.5 PC and 1.7 DME on average, and the first solvation shell of PFg~
to contain 2.8 PC and 1.6 DME. When studied as isolated ions, BF4~ was
suggested to have a first solvation shell of 4.1 PC and 1.5 DME, and PFg~ was
demonstrated to have a first solvation shell of 3.7 PC and 1.5 DME, indicating
that both BF4~ and PFg~ exhibit weak binding to PC and DME molecules,
resulting in the difficulty in precisely determining their first solvation shells.
They also reported the preference of BF4~ and PFg™ to exist in the form of
neutral ion pairs with Li*T (LiPFg, LiBFy).[16]

The dynamics of the solvation shells of the LiPFg and LiBF 4 salts near cath-
ode surfaces have not been studied in detail. This is often due to the difficulties
in experimental investigations to distinguish surface effects and the high compu-

tational cost of using ab initio molecular dynamics approaches. Moreover, the



behavior of the solvation shells with respect to the state of charge of the cathode
surface remains elusive. More recently, experimental attempts have been made
to investigate the surface effects of cathodes have on salt solvation and battery
performance [22].

In the current work, we investigated the solvation shell formed by the salts,
LiPFg and LiBFy, simulating the electrolyte (1:1 EC:DMC) explicitly using an
ab initio based computational modeling approach. In particular, we investigated
the effects of having different salts in the electrolyte by keeping the constituents
of the electrolyte consistent while varying the two CIP salt species, LiPFg or
LiBF4. Determination of the formation and stability of the solvent shells was
done by visualizing and analyzing the trajectories. The dynamics of the cations
and anions closer to the cathode surfaces were compared, and the specific com-
position of anion solvation shells was determined. Multiple samples were run
to improve the statistics of these results. Lastly, the formation of solvation
shells of salt ions in the electrolyte was also studied by sequential addition and
removal of solvents. To the best of our knowledge, this is the first theoretical
investigation of the dynamics of LiPFg and LiBF, salts near LiNiOs cathode

surfaces using an ab nitio molecular dynamics approach.

2. Methodology

This study can be broadly categorized into two phases. Firstly, the con-
densed phase systems were modeled where the electrolytic volume was explic-
itly simulated while in contact with a Ni-rich cathode (LiNiO2) using ab initio
molecular dynamics (AIMD), enabling the observation of the formation of sol-
vation shells with the Li ions and anions. Secondly, the simulation shells that
were formed in the electrolytic region were studied as cluster models placed in

a vacuum to isolate the energetics of the sequential removal and addition of
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Figure 2: I. The four distinct systems with lithiated and de-lithiated Ni-rich cathodes with
LiBF4 and LiPFg¢ as salts in the electrolyte. II. Initial orientations of LiBF4 (A) and LiPFg
(B) as placed in the systems represented by Li (purple), B (light pink), P (orange), and F
(blue). Identifications of specific atoms of the EC (C) and DMC (D) molecules.

solvent molecules.

2.1. Computational details

The organic electrolyte was modeled using the Vienna Ab initio Simulation
Package (VASP)[23, 24, 25]. Projector augmented wave (PAW) potentials were
used to mimic the ionic cores and the Perdew-Burke-Ernzerhof (PBE) gener-
alized gradient approximation (GGA) provided the exchange and correlation
functional for all structural relaxations and energy calculations [26, 27, 28, 29].
A T-centered 1x1x1 Monkhorst-Pack k-point grid was used for all calculations
[30, 31]. The Brillouin zone was sampled by the use of Gaussian smearing.

All structural relaxations and energy calculations were performed using a
plane wave energy cutoff set at 700 eV. The primitive cells for the cathodes were
obtained from the Materials Project [32]. Setup, visualization, and manipulation
of the systems were done using Ovito[33] and Vesta[34], with Avogadro[35] being
used to create the electrolyte configuration.

Four distinct systems were used to model the interactions between 1:1 EC:DMC
solvent and either LiBF, or LiPFg salts on both a lithiated and delithiated
LiNiOs cathode, as shown in Fig. 2. Two separate trajectories were run for

each system to vary starting configurations, resulting in a total of eight simula-



tions. The AIMD simulations were run at 450 K with 1-fs time steps using the
canonical (NVT) ensemble [36] and were run upwards of 10 ps. This approach
is typical for AIMD in the acceleration of reactions and faster equilibration.
The trajectories were tested up to 750 K during the design phase and similar
systems have been tested up to 800 K in recent work [2, 37, 38, 39]. This work
uses a temperature regulated at 450 K as a rational approach to balance the
chemical stability of the system under consideration as well as achieve a sensible
trajectory under the simulated timescales. We note that the electrolyte systems
were chemically stable and free from spurious effects related to temperature reg-
ulation. All the AIMD calculations were performed with a plane wave energy
cutoff set at 400 eV using a I'-centered k-point. Van der Waals interactions were
included via the Grimme D3 approach (PBE-D3) with Becke-Johnson damping
[40].

2.2. Preparation of Systems used for AIMD Simulation

2.2.1. Cathodes

The layered cathodes were selected such that they represent a fully lithi-
ated (discharged) LiNiOy (LNO) or a fully de-lithiated (charged) NiOy (NO)
state (Fig. 2). The (012) plane of the LNO and NO cathodes was used at the
electrolyte-cathode interface, ensuring the periodicity of the cathode slab in two
directions while serving as an active yet stable interface for interactions with
the electrolyte [41].

While our calculations are motivated by high energy density Ni-rich NMC,
it is not practical to model such dilute concentrations of Mn and Co due to lim-
its on cathode size. Resultantly, we have selected LiNiOs to represent an end
member of NMC-type oxides. We also consider fully delithiated NiO2 in order
to distinguish between reactions occurring at different stages of battery charge.

We leveraged the periodic nature of the VASP simulation cells to model two



electrolyte-cathode interfaces in a single simulation as repetitive alternate lay-
ers of cathode and electrolyte at open circuit voltage (OCV). This is consistent
with other studies in the literature that employ similar models without vacuum
regions [2, 38, 39, 42]. Moreover, our focus in this study is the investigation of
solvation structures and interactions, which are likely to be influenced by the
presence of a vacuum region. The planar averaged local potential for these sys-
tems illustrates that the potential is periodic within the cathode region, changes
smoothly and continuously into the electrolyte region and maintains a consistent

profile within the electrolyte (Fig. S1).

2.2.2. Electrolytes

Table T1 in the Supporting Information (SI) summarizes the species and
the number of atoms used to build the electrolyte systems. In all the systems
considered for the AIMD calculation, 14 pairs of EC and DMC were placed
randomly. Two salt pairs, LiPFg or LiBF,, were also added, with one closer
to the cathode surface and the other placed near the center of the electrolyte
volume, offering two reference points for ion behavior. The structure of the CIP
salt pairs as placed in the electrolyte can be seen in Fig. 2-1I.

The system volume was determined using a top-down approach, where an
experimentally available concentration of 1M EC/DMC (verified using safety
data sheets of commercial electrolyte solutions) was matched with the molecular
concentration. The number of molecules needed to match this concentration was
randomly placed inside the cell. Thereafter the system was allowed to relax using
DFT before being placed alongside the cathode. Van der Waals distances for
oxygen were added on both sides of the cell to account for Coulombic repulsion.
This resulted in an electrolyte region with a density of ~1.28 g-cm™3.

The equilibration of the systems is critical in MD simulations and was verified

using two approaches, energy changes for a given system with respect to time.



The regulation of the temperature and electronic convergence of the calculation
was closely monitored. A representative sample of the equilibration attained
and temperature maintained in the system is given in Fig. S2.

Analysis of the trajectories, including but not limited to the observations
of reactions, disintegration process of molecules, and inter-atomic distances was
done using the cluster analysis and color-coding options in the Ovito program.
Bond distances were calculated using a Python script developed in-house. The
results were initially cross-checked with the Ovito software to ascertain accuracy.

Each salt was studied to determine the preferred solvation structure and the
orientation of molecules in the solvation structure. The possible regions of the
EC and DMC molecules considered for interaction are shown in Fig. 2, with lone
pairs from the carbonyl oxygen and ether oxygen expected to interact strongly

with the Lit ions.

2.2.3. Nearest neighbor analysis (Cumulative RDF')

A Python script was used to quantify the presence of solvation shells within
the electrolyte. The script plots the frequency of atoms present near a given
reference point as a function of radius from a reference atom, i.e., a radial density
function (RDF). These data are presented in units of atoms present at a given
radial distance summed over all timesteps (or in predefined increments) in the
simulation, and it is thus termed a cumulative RDF. This is used to determine
how long a given atom prevails around another atom at that distance, with the
intensity of the peak being proportional to the duration that particular atomic
distances were maintained. The bin size used in the calculations was 0.2 A with

a maximum distance range of 8 A.
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Figure 3: The cation-anion separation distance (as measured from Li to B/P) as a function
of time for the eight AIMD trajectories.

3. Results

The results are being discussed under the two approaches we used to study
the behavior of the solvation shells, first from the AIMD simulation and then
the DFT approach, in which we add/remove EC and DMC molecules from the

solvation shell sequentially.

3.1. Results from the AIMD simulation

We started by investigating the formation of solvation shells in the electrolyte

of the cathode-electrolyte systems (Fig. 2).

8.1.1. Ion pair separations
Several instances of the separation of the cation-anion pair of the salt were
observed. The distance between ion pairs for all eight trajectories is illustrated

in Fig. 3, displaying a total of 16 cation-anion distance plots (two ion pairs in the
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electrolyte region per trajectory). The distance was measured between the Li
and P/B atoms. Lit and salt anions prefer to maintain the CIP structure, with
a distance of separation ~3 A, except for three instances where they separate
close to the surface (Figs. S3 and S4 in the SI). This happened in one of the
LiBF,4/LiNiOy trajectories and both of the LiPF/LiNiOq trajectories. In one of
these cases, the Li™ remains in the electrolyte and forms a stable solvation shell
with three DMC molecules and one EC molecule. In two others, the cation
and the anion descend to the cathode surface and separate. At the surface,
the anions separate relatively easily and move around without constraint to
any particular Lit. No separations were observed in the delithiated cathode
(NiOs) simulations, with one exception. Around 4400 fs, Fig. 3 shows a transient
increase in pair distance in the LiPFg/NiOs trajectory, which was revealed to
be a LiT ion briefly drawn towards the surface.

In the case of a CIP shell, the highly electronegative fluorine atoms of the
anions exhibit a strong preference to engage with the nearby lithium ions. How-
ever, the presence of multiple lithium ions in proximity to the fluorenes on the
cathode surface allows for increased mobility and more dynamic interactions.
This results in a higher propensity for the desolvation of the solvation shell
at the lithiated cathode surface compared to the delithiated cathode surfaces
(Fig. S5).

8.1.2. Solvation shell formation and dynamics

Visualization of the trajectory revealed that the Lit in the electrolyte formed
stable solvent shells lasting for a long duration (often above 5-6 ps). A previous
investigation of Lit solvation shells in EC showed that typically 4 EC molecules
contribute to the formation of a solvation shell when studied in a vacuum sur-
rounding [43]. In comparison, our explicit solvent environment shows that most

LiT shells consist of 2-3 solvent molecules, split evenly between EC and DMC.
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Figure 4: The representative cumulative RDF plots for carbonyl oxygen from the
LiPF¢/LiNiO2 system (I and II). Each color represents one cumulative RDF plot around
a carbonyl oxygen of the solvent molecules (from DMC-left, EC-Right). The plots, III and
IV, identify the carbonyl oxygen-LiT cumulative RDF plots. Inset I-A and II-A illustrate the
preferred orientation of carbonyl oxygen relative to Lit and I-B illustrates a rare positioning
observed for some Lit with a Lit-carbonyl oxygen separation distance of about ~4 A.

More quantitatively, Fig. 4 shows how the solvation shells and the atoms
participating in the solvation shells were investigated using cumulative RDF
(CRDF) plots while accounting for the dynamic electrolyte molecules. A simple
example to illustrate the process is presented in Fig. S6 in the SI, calculated
for a trajectory with a de-lithiated cathode with LiBF,4 salt showing the CRDF
relative to the two LiT in the electrolyte region.

In Fig. 4, graphs I (DMC) and II (EC) show the frequencies with which an
atoms are found at a given distance from the carbonyl oxygen of either DMC or
EC summed up over the duration of the trajectory, shown here for a LiPFg/NiO4
system. Graphs III and IV isolate the Li CRDF from graphs I and II, showing
that the 2 A peak in I and II is for a bond between the carbonyl oxygen and a
LitT. All other peaks coincide to intramolecular distances between the carbonyl
oxygens and other atoms in either DMC or EC molecules, except for the two
peaks at ~1.9-2.0 A. Taken together with a visualization of the trajectory and

after discounting for interactions with surface Li*, the solvation shells of the
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two Lit contain 3 EC and 1 DMC in one case and 1 EC and 2 DMC in the
other. The summary of the number of EC and DMC molecules participating in
the solvation shells around LiT is given in Fig. 5.

3
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C

Figure 5: Summary of the average number of EC and DMC participating in a solvation shell
for a Lit in each system.

In addition to these typical observations for all the systems, a peak at
4.0 A for Li in the CRDF plot for DMC was seen to arise as the ether oxy-
gen in the DMC also had a slight preference to participate in the shell relative
to Li (orientation illustrated in the inset B of Fig 4-I). While infrequent, this
was observed for some trajectories seemingly independent of the type of salt or
the state of cathode lithiation. This orientation only prevailed for a brief period
before turning to face the Li* with its carbonyl oxygen.

It was also seen that the carbonyl oxygen has a higher preference than the
ether oxygen to participate in the shell in both EC and DMC molecules. This
is due to the larger negative charge on the carbonyl oxygen relative to oxy-
gens residing within a carbon chain [44]. Additionally, EC had a slightly higher
chance of being in a shell relative to a DMC molecule in all the simulated sys-
tems (Fig. 5). Typically ~2 EC and ~1 DMC were observed to participate in
a given shell, resulting in a total coordination of 2-3, whereas DFT calculations

performed in a vacuum expects it to have 4 sites. This reduction with respect
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to the number of coordination sites of Li™ has more recently been reported to
be tied to the presence of nearby anions which result in the change of tetra-
hedral symmetry of Lit coordination in concentrated EC electrolytes [19, 21].
Preferential solvation of Li™ by cyclic and more polar molecules in the mixtures
has also been previously reported, especially for EC over others, using ab initio
and classical molecular dynamics simulations, atomic force microscopy and Ra-
man spectroscopic studies, where the steric hindrances of cyclic molecules are
overcome by stronger electrostatic interactions [44, 45, 46, 47, 22]. Additionally,
it has been reported that in a low concentration electrolyte, the coordination
of Lit is 4-6, while increasing the salt concentration results in a decrease to
1-2 sites, confirming our observations [22, 48]. Overall, the composition of the
first solvation shell is now understood to be highly dependent on the form and
polarity of the electrolyte, presence of nearby anions and the concentration of
the salts.

The above discussion pertains to individual ion solvation shells. However,
most solvation shells included both the cation and anion via the CIP structure
(Fig. 1), essentially combining two solvation shells. While these superstructures
were not always the same ratio of EC to DMC, the total number of molecules
making up the first solvation shell remained consistent. By visual verification
of trajectories, a total of eight molecules was determined to be the typical first
solvation shell for both LiBF4 and LiPFg. The orientation of molecules was also
consistent for both salts. A total of three organic molecules were associated with
the Li* of each salt (in addition to the BF4~ or PFg ™), typically the carbonyl
oxygen facing the LiT. This leaves five molecules to surround the BF4~ or
PF¢~ side of the salt. These molecules showed a preference for the methylene
or methyl groups to interact with the anion of the salt. However, we note

that given the relatively shorter time scales accessible for ab initio molecular
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dynamics trajectories, the results might vary for other shell formations which

differ significantly from the starting CIP configurations of the salt.

3.2. Results from the DFT Calculations

During the charging and discharging process, solvation shells are formed
and broken down at the cathode-electrolyte interface, respectively. Hence, for
efficient charging and discharging of the battery, both the solvation and desolva-
tion processes are important. The study of the energy involved in forming and
breaking the first solvation shells is of particular interest, as it directly affects
ion mobility and battery performance.

After the AIMD trajectories were run for at least 10 picoseconds, the for-
mation and the orientation of the first solvation structure was studied visually.
Once a general position was determined for a solvation shell from the AIMD
trajectory, this was extracted as an initial solvation structure and used to create
an input structure for DF'T cluster analysis. An example for such a system can
be seen in Fig. S7 in the SI.

Each molecule in the solvation structure was tested to see which had the
weakest interaction. This was done by calculating the energy needed to remove
each solvent molecule and then removing the particular solvent with the weakest

interaction from the solvation shell (Eqn. 1),

Enteraction = ECluster(n) - (ECluster(n—l) + ESolvcnt)a (1)

where Eciyster(n) 18 the energy of the system where the solvent molecule in
question is within the first solvation shell, Fcuster(n—1) i8 the energy of the
system without the solvent molecule in question, and FEsolyvent is the energy of
the isolated solvent molecule. Once the weakest interaction was identified, the

solvent molecule was removed permanently and the structure was relaxed again.
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This process was repeated to strip off each solvent molecule sequentially until
only the salt remained.

The other method chosen to study each salt was to begin with an empty sol-
vation structure (just the salt) and adding solvent molecules sequentially until
a full first solvation shell was achieved. Relaxations were once again performed,
followed by single point calculations, as described below. An EC molecule and
a DMC molecule were each tested independently using Eqn. 1. The addition
of the molecules at different sites was tested where the most energetically fa-
vorable structure was selected. The molecule at this particular favorable site
was permanently added to the solvation structure, and the process was then
repeated.

Initial structure relaxation was done using the BSPW91 method and 6-31G
basis set, followed by a single point calculation with the B3PW91 functional
[49], D3BJ dispersion correction with Becke-Johnson damping [50]), and a 6-
311G++(d,p) basis set. The use of different basis sets for the relaxation and
single point calculation was to limit the computational resources used. While
AIMD and DFT methods used in the study used different functionals, their
results are in agreement and complement each other.

The results from the calculations sequentially stripping or adding (starting
from the empty salt anion) solvent molecules from the first solvation shell are
summarized in Figs. 6 and 7 for (Li*)BF,~ and (LiT)PFg~, respectively. The
progress of the pathway, by way of addition/removal of molecules is shown by the
horizontal (EC)/vertical (DMC) direction, together with the change in energy

at each step.

8.2.1. LiBF,
Beginning our discussion with the completed solvation structure taken from

AIMD, it is seen in Fig. 6 that LiBF4 had a first solvation shell of 2 DMC
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and 6 EC. From the starting configuration (panel I of Fig. 6), we observed
that the first three molecules removed from the structure are all EC, and they
are removed from the BF;~ side of the salt pair. This is then followed by
the removal of a DMC, then another EC, each also from the BF4~. The last
three molecules being removed all came from the LiT, since molecules bonded
to the lithium have the strongest interaction energy, likely due to the marked
difference in electronegativity between Lit and O. More importantly, the last
remaining molecule was a DMC, indicating that the carbonyl oxygen from the
DMC has a stronger interaction than the carbonyl oxygen of the EC. The cost
of removing a solvent molecule ranges from 0.55 eV to 1.08 eV, with differences
due to varying nearest neighbors, the number of remaining solvent molecules,

and overall solvent-ion interactions.
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Figure 6: The lowest-energy pathway with which molecules were removed from (I) or added
to (II) the solvation shell of LiBF4. The light (dark) green boxes indicate that the solvent
molecule was removed/added from/to the BF4~ (Lit) side of the salt. The values on the
arrows show the energy needed to remove/add from/to the molecule from the solvation shell.
This energy was determined using the negative/positive of Eqn. 1.
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The next approach to investigate the formation of the solvation shell began
with an empty shell leading to the formation of a full first shell, which can
be seen in the panel IT of Fig. 6. We once again observe that the strongest
interactions occur around the lithium, with the single strongest interaction being
the addition of the initial DMC (-1.15 eV vs. -1.06 ¢V for EC). The energy
gained with the addition of each solvent molecule ranges from 0.33 to 1.15 eV,
depending on the solvent and the environment of the salt it associates with.
The total number of DMC and EC added in this scenario are identical to what
we started with (cluster taken from the AIMD trajectory), 2 DMC and 6 EC,
seen in Fig. 6, albeit with slightly altered locations.

In these cluster simulations, we now have both DMC molecules interacting
with the lithium, instead of just one. This difference may come from the size of
the DMC molecules and the space available for movement. While the interaction
energy with DMC is more favorable than with EC, Fig. 2 shows us that the
methyl groups in the DMC molecule protrude perpendicular to the carbonyl
oxygen. This may make it difficult for the molecule to align with the Li* once
there is already another DMC bonded to the LiT, leaving room for the more
compact EC to take its place. This steric effect was more evident in the AIMD
simulations since the relaxation and single point method we used had free space
surrounding the molecules; the dynamical nature treated with AIMD leaves less
free space available in this manner. This highlights the importance of molecular
dynamics in capturing the realistic solvation structures observed in experimental

conditions.

3.2.2. LiPFg
The same process described in Sec. 3.2.1 was also performed for LiPFg. For
this structure, we began with 4 DMC and 4 EC molecules in the solvation shell.

Similar trends can be observed despite the difference in the initial amount of
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DMC and EC from the LiBF, case (Sec. 3.2.1). The strongest interactions are
still involving the LiT, as the final three molecules to be removed were around
the Li™, as shown in Fig. 7. A DMC was also the last molecule remaining in the
solvation shell. In this case, the cost of removing the first four solvent molecules
was much less than for LiBF4, with values of 0.27, 0.44, 0.55, and 0.52 €V,
yet the interaction energies are near 1 eV for the remaining solvent molecules,

slightly higher than LiBFy.

Removing DMC

0DMC &0 EC

JWQ Suippy

Adding EC

Figure 7: The most energetically favorable pathway for the removal (I) or addition (II) of
molecules for the first solvation shell of LiPFg. The dark (light) green boxes indicate the
solvent molecule was removed/added from/to the Lit (PFg~).The values on the arrows show
the energy needed to remove/add from/to the molecule from the solvation shell. This energy
was determined using the negative/positive of Eqn. 1.

Beginning from the empty structure, we still find similar trends, shown in
the panel IT of Fig. 7. The first molecule added to the structure is DMC, with
the energy of addition of a DMC being -1.22 ¢V and EC -1.10 e€V. The first
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three molecules all interact with the Li*, and the remaining molecules interact
with PFg™. With a full first solvation shell, there are 2 DMC and 6 EC, yield-
ing a similar solvation shell to LiBF, (Fig. 6). Again, the interaction energy is
somewhat weaker than it was for LiBFy, particularly for those solvent molecules
interacting with the PFg~ anion. Evidently, the stripping of solvent molecules
from LiPFg is easier than the stripping of solvent molecules from LiBFy, espe-
cially when interacting with the anion of the salt, which is understood to be due
to the larger size of the PFg~ anion. The boron to fluorine distance for the BF 4~
anion is lower by ~0.21 A relative to PFg~ in the sequentially added solvation
structures. Additionally, the next interaction of boron and phosphorous atoms
in the CIP shell (ignoring the cation) is with hydrogens from EC and DMC at a
distance of 2.98 A and 3.12 A for BF,~ and PFg~, respectively (Fig. S8). This
ease of stripping solvent molecules will allow for easier desolvation of the Lit as
it enters either electrode [51, 52, 53].

In both the sequential addition and removals for LiBF, and LiPFg salts
shown in Figs. 6 and 7, we see that the strongest interaction with the Lit ion is
with a DMC molecule. The coordination of solvents to Li salts in electrolytes is
influenced by several factors, including the solvent’s dielectric constant, Lewis
basicity, steric effects, and the presence of anions nearby. While EC has a higher
relative permittivity and stronger Lewis basicity than DMC, these factors do
not seem to necessarily dictate the strength of coordination. In our calcula-
tions, we observe that EC has a slightly higher preference to participate in the
CIP shell compared to DMC in AIMD (Fig. 5). There are findings that have
found Li* to bind more strongly with EC than with DMC in binary EC/DMC
solvents (using electrospray ionization and mass spectrometry (ESI-MS)) [54].
This indicated a preference towards stronger ion dipole interactions between

EC relative to DMC. However, their measurements have come from isolated
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clusters with two solvent molecules instead of four, and with possible additional
partial desolvation during measurements as a result of the experimental method.
There are yet other findings that point out a slightly higher preference for the
Li™ to bind with DMC, with the difference in the composition of the Li* sol-
vation being attributed to difference of calculations performed in the gas and
liquid phases [55, 56, 57]. Further to that, in the works by Borodin and Smith
above, and Ponnuchamy indicate that the presence of the PFg~ anion in the
liquid electrolyte might strongly influence the relative stability of EC vs. DMC
cation coordination, resulting in the modification of the tetrahedral structure of
the LiT [58]. Consequentially, the overall charge of solvated structure of Li™ is
significantly reduced, thereby reducing the mobility of the solvation super struc-
ture in an applied potential. We also note, although the DMC molecule is the
last to be removed from the CIP shells that were considered, the comparison of
the energies for the last EC and the DMC molecules to be removed shows that

the comparative difference between the two is minimal (~0.1 eV) (Fig. S9).

3.3. Solvent Separated Ion Pair

One more way that we tested our results for the determination of the number
of molecules in the solvation structure was to split the salt into its individual
components. By observing the interaction of each ion (Lit, BFy~, PFs™) with
only EC or DMC, we were able to get a fuller description of the solvation
structures. Looking at Fig. 8, we can see the solvation structures of the compo-
nents of LiPFg when the ions are split apart. We notice the orientations of the
molecules remain the same as when observed in Sec. 3.2.2, with the carbonyl
oxygen of either EC or DMC interacting with the Li* ion, and the methyl or
methylene group interacting with the PFg~. This trend also holds for compo-
nents of LiBFy, which has been excluded from Fig. 8 as the images are similar

to those already shown.
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Figure 8: Solvation structures of the individual components of LiPFg. (A) Lit with four EC,
(B) LiT with four DMC, (C) PFg~ with six EC, and (D) PFg~ with six DMC.

From these results, we also notice that the total number of molecules in the
first solvation shell of lithium is four for either EC or DMC. This is consistent
with what is found in the literature [56, 16, 17, 18]. The total number of
molecules in the first solvation shell for both BF,~ and PFg~ was found to be
six for either EC or DMC. These results are similar to those found by Chaban,
who showed that the results for the anion are not entirely clear [16]. When the
solvent molecules come together, we postulate that each component takes one
available site away from the other’s first solvation shell (Li™ and the anion),
giving us three molecules on the Li™ and five molecules on the BF4~ or PFg™,

as we found in Sec. 3.2.1 and 3.2.2.

4. Conclusion

The dynamics of LiBF, and LiPFg salts in a 1:1 EC:DMC electrolyte both
within the electrolyte as well as closer to lithiated and de-lithiated cathode
surfaces were studied using AIMD. The pathways for the formation and disinte-

gration of the first solvation shell around BF,~ or PFg™ anions were calculated
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using DFT. The CIP solvation shells expressed a higher tendency to disintegrate
near lithiated LiNiOg cathode surfaces compared to de-lithiated surfaces. EC
generally contributed more to the solvation shell compared to DMC. From our
results we observe that LiBF, and LiPFg have similar solvation structures and
interaction energies. The molecules in the solvation structure showed a prefer-
ence for the carbonyl oxygens and the ether oxygens to interact with Li*, and
the methyl or methylene groups to interact with the BF4~ or PFg~. Both salts
had a total of eight molecules in the CIP solvation structure. While the first
DMC molecules had a slightly stronger interaction with the lithium in LiPFg
than in LiBF,4, the energies were comparable, meaning that it is mostly the
DMOC initiating the formation of solvation shells. When dissociation of the sol-
vation shell is considered, LiPFg can desolvate more easily compared to LiBFy4
by ~1 eV. The orientations and the number of molecules participating in the
first solvation shell were consistent for both salts. This investigation emphasized
the important and complementary roles played by both DFT and AIMD, where
DFT accurately captures energetics while AIMD captures dynamics and steric

effects in the formation of solvation shells.
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