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electrolytes is crucial for improving our understanding of high-voltage mMD DFT
behavior and rational design of next-generation systems employing novel Sampling ) m
chemistries. However, commonly applied strategies based on evaluation of [giy ¥ % ‘_1;:;\3* }L%
orbital occupancies of isolated molecules within density functional theory ‘;"Zﬁ;‘jm X ¥ oo sfs — "
techniques neglect many-body solvation and interfacial effects that govern the % _ ”w(:f) - ,f*e'm e Species
electro-thermodynamics in real systems. Here, we advance a computational LS & ] ;ﬁ: %gﬂ Accounting
methodology that integrates molecular dynamics sampling of local solvation - = \@;La )
environments with explicit vertical ionization potential (IP) calculations to % Vs ‘%.

account for such effects. Our approach allows for both statistical accounting
of IP distributions as well as prediction of the oxidized species (e.g., solvent vs
anion decomposition). Application of this method to a matrix of electrolytes based on common lithium salts and solvents yields
more detailed conclusions that often disagree with those gained through conventional calculations. We also demonstrate that this
methodology can capture variations in IP associated with increased salt concentrations as well as the speciation and stability next to
electrified model interfaces. This work offers a comprehensive accounting of the microscopic factors and electronic structure
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considerations that stabilize molecules and their unique solvation environment in modern electrochemical systems.

igh-energy lithium batteries have become indispensable
for modern portable electronics and electric trans-
portation. While the energy density of these cells has slowly
improved since their advent due to advances in cell
engineering, we are approaching a maximum dictated by
conventional electrode chemistries. One way to exceed this
maximum is to increase the operating voltage of the cell, which
can be done by implementing next-generation high-voltage
cathodes,"” or simply by increasing the operating voltage of
conventional transition metal oxide cathodes (e.g, > 4.4 V vs
Li).”* Unfortunately, the cyclability of high-voltage systems is
largely limited by parasitic decomposition of liquid electro-
lytes.”®
Oxidative decomposition of the liquid electrolyte has largely
been attributed to the thermodynamic stability of their
chemical constituents, and the interfaces formed by their
decomposition.7_11 Accordingly, efforts to develop high
voltage electrolytes commonly rely on the evaluation of the
highest occupied (HOMO) and the lowest unoccupied
(LUMO) molecular orbitals within density functional theory
(DFT) of individual salt and solvent molecules to computa-
tionally predict and model the oxidative stability of electrolyte
mixtures. These calculations frequently consider these species
in vacuum or at simplified interfaces."””'* While these
approaches provides a reasonable rapid screening methodology
for system design, isolated DFT calculations, even more
sophisticated ones that include screening by means of implicit
solvent models, do not accurately consider the microscopic,
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intermolecular solvent interactions that are significant to the
overall oxidation thermodynamics. Of note, Kim et al.
demonstrated that the calculated ionization potential (IP) of
solvent-anion pairs is significantly lower than isolated
molecules or solvent—solvent pairs.'” Fadel et al. later
demonstrated that, applying exchange functionals that
accurately capture discrete ionization behavior, this destabiliza-
tion is a result of strong interactions between oxidized solvent
species and anions.'® We denote these calculations as pair-
DFT forthwith.

While pair-DFT calculations often offer greater accuracy in
predicting oxidative stability compared to those of isolated
species, there are also clear limitations associated with this
approach. Critically, they cannot capture the many body
interactions present in real liquid electrolytes, since these
calculations commonly rely on geometry optimization
protocols that yield a single, lowest energy configuration. In
other words, they lack the ability to average over ensemble
structures, each with finite occurrence probabilities (i.e.,
entropic effects) and varying binding energies (enthalpic
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Figure 1. Schematic description of the IP sampling method, consisting of anion-centered cluster sampling from MD, ionization potential

calculation from DFT, and statistical accounting.
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effects), that rigorously defines the solvation free energy
landscape for the ions. Moreover, these ensemble structures,
which are sometimes additionally classified into unique families
based on local coordination environments, can have variable
IPs.'°"® Given this limitation, it is therefore not surprising
that isolated or pair-DFT would not be able to accurately
describe the well-known experimental dependence of oxidative
stability on the concentration of salt in the electrolyte.'”™>!
Additionally, they cannot predict the species in a given cluster
that is most likely to undergo oxidation, a critical factor for

determining the composition of the cathode-electrolyte-

interphase (CEI), which is also likely dependent on atomic
configuration.”

In this work, we develop a computational methodology to
incorporate the effects of solvation structure and electrolyte
composition into oxidative stability predictions (Figure 1). We
sample local molecular clusters from classical molecular
dynamics (MD) simulations of electrolytes of interest, which
produce statistically converged ensembles that define the
thermodynamic solvation states, relevant to oxidative stability.
These molecular clusters are subjected to IP calculations in
DFT without geometry optimization to obtain a distribution of
IPs for the electrolyte in question. Employing explicit
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Figure 3. Comparison of oxidation behavior predictions from anion/solvent pair DFT and IP Sampling. a) Electrostatic potential maps of anion/
solvent pairs before and after solvent or anion oxidation. The OTF~/DME pair is shown as a representative example. Anion and solvent ionization
energies from constrained pair DFT and solvent/anion IP distributions in b) 1 M LiPFs DME, c¢) 1 M LiPF, DMC, d) 1 LiOTF DME, e) 1 M

LiOTF DMC, f) 1 M LiTFSI DME, and g) 1 M LiTESI DMC.

ionization calculations with properly selected exchange func-
tionals'® further enables the determination of oxidized species
(in this case, solvent vs anion) via the accounting of atomic
partial charge. Our approach offers a means to directly predict
the states that define the ionization potential of well-defined
electrolyte compositions and gain insights into their oxidative
decomposition route. We demonstrate this in a variety of
electrolyte chemistries and salt concentrations, comparing our
predictions to that of conventional pair-DFT, and show how it
can be extended toward simulating model electrochemical
interfaces.

Before conducting IP sampling on model electrolytes, we
first benchmark our approach using model solutions of lithium
trifluoromethanesulfonate (LiOTF) in 1,2-dimethoxyethane
(DME). Previous works have demonstrated that the least
oxidatively stable configurations of the electrolyte originate
from the local structures surrounding the anion.'® Indeed, the
IP distribution of clusters surrounding the anions are
significantly lower than those solvating the cations, due to
stabilizing effect of electron donation to Li* (Figure S1). We
therefore conduct sampling of solvation clusters from the MD
trajectories centered on the anions present in solution,
conducted based on a sampling cutoff defined as the atom-
to-atom distance between any atoms in the anion and
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surrounding molecules. For DFT-based IP calculations on
the sampled clusters, we apply the MO6-HF exchange
functional, which was previously shown to produce accurate,
discrete ionization behavior.'”> We also find that a 3 A
sampling cutoff produces similar IP distributions to 3.5 A at a
significantly reduced system size, and that the 6—31+G™* basis
set produces similar accuracy to the 6—311++G** set (Figures
S2, S3). Hence, we adopt an anion-centered sampling
methodology with a 3 A cutoff and IP calculations at the
MO06-HF//6—31+G* level of theory. To strike a balance
between statistical robustness and computational cost, we
sample 100 snapshots around 25 random anions in the MD
trajectory temporally spaced evenly across the last S ns of
production dynamics, corresponding to a sampling stride of
1.25 ns.

We next apply this sampling methodology to 1 M solutions
of lithium hexafluorophosphate (LiPF), lithium bis(trifluoro
sulfonyl)imide (LiTFSI), and LiOTF in DME and dimethyl
carbonate (DMC). This system matrix, where carbonate
solvents are more oxidatively stable than ethers, and known
anion oxidative stability is in order of OTF~ < TFSI™ < PF4~
(Figure S4) provides a rigorous test of our approach. Among
the 6 systems, we find that the largest variance in solvation
behavior occurs as a function of anion identity, where LiPF
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Figure 4. Effect of electrolyte concentration on ionization potential distributions. a) Snapshots of MD simulations of 1—4 M LiTFSI DME. b)
Linear scan voltammetry of Li//Al coin cells containing 1—4 M LiTFSI DME. Ionization potential distributions and ionized species accounting of

c)1M,d)2M,e)3M, and f) 4 M LiTFSI DME systems.

tends to produce the least amount of ion pairing (Figures SS,
S6). We also find that at 1 M, the LiOTF system displays ion-
pairing with a single anion per Li*, referred to as a contact-ion-
pair (CIP). All 1 M systems are otherwise dominated by
solvent-separated-ion-pairs (SSIPs).

As shown in Figure 2, the resulting IP distributions are
multimodal and normal, with individual peaks attributable to
structures that do and do not contain a Li* ion. In general, we
find that Li* coordination stabilizes the HOMO of solvating
species, in agreement with a previous work.”> For 1 M LiPF
systems, our calculations indicate that the solvents would be
oxidized and decompose first, due to the extreme stability of
PF4, where the DMC system is ~ 1 eV more stable due to the
solvent’s inherent stability (Figure 2a,d). In 1 M LiOTF and 1
M LiTFSI systems, where anion and solvent decomposition are
found at similar levels, the predicted oxidative behavior is less
straightforward. Of note, the presence of anion vs solvent
decomposition can be completely different, despite ostensibly
similar distributions for the least stable clusters (Figure
2b,c.e,f).

To judge the relative utility of our IP sampling method, we
then compare to the predictions of conventional pair-DFT
calculations.">"¢ Using fragmentation-based constrained DFT,
we also assess the IP for explicit ionization of either the anion
or solvent within each pair (Figure 3a). We find that
agreement between the decomposition energies from the two
methods are highly system dependent. First, both approaches
tend to agree in both the energetics and the identity of the
decomposed species for the 1 M LiPF electrolytes, which is
intuitive given the large discrepancy between the inherent IP of
PFs~ and solvents (Figure 3b,c). However, for systems in
which the anion and solvent IP are similar, significant
discrepancies between pair-DFT and IP sampling are observed.
In the 1 M LiOTF DME system, we find that the IP sampling
predictions directly contradict the pair DFT predictions, where
the IP distribution is dominated by solvent decomposition
despite more favorable anion decomposition in the pair
(Figure 3d). The 1 M LiOTF DMC IP distribution, by

comparison, is closer to the pair-DFT predictions, again likely
due to the disparate IPs of DMC and OTF~ (Figure 3e). In 1
M LiTESI DME, the solvent is also predicted to be less stable
by ~ 0.5 eV, even though the solvent molecules represent a
relatively small portion of the predicted decomposition species
from IP sampling (Figure 3f). In these systems, in which the
isolated anion and solvent IPs are somewhat competitive with
one another as defined by a solvent IP shift of —2.8 eV by
Fadel et al, the effects of local configuration and many-body
effects meaningfully shift the predicted decomposition
species.w In the case of 1 M LiTFSI DME, for example, the
prediction of both anion and solvent decomposition agrees
with our previous experimental work that observed both
organic and salt-derived CEI species, which would not be
predicted by pair-DFT alone.”*

As previously mentioned, current IP prediction methods
cannot capture the effect of salt concentration on the
electrolyte’s oxidative stability, where a higher ratio of
salt:solvent results in a higher prevalence of ion-pairing,
stabilizing the anion and surrounding solvent toward oxidation.
To test this hypothesis, we considered DME systems of LiTFSI
concentration ranging from 1 to 4 M (Figure 4a).
Experimentally we find an increase in oxidative breakdown
voltage with increasing concentration (Figure 4b). Indeed, the
calculated IP distributions from these systems do show a
steady depopulation of the least stable IP state which are
composed of clusters that are not Li* coordinated (Figure 4c-
f). Similarly, we find an increase in highly stable Li*
coordinated clusters. Interestingly, the persistence of some
low IP solvation states (which are primarily SSIP) would not
describe the experimentally observed monotonic increase in
decomposition onset if interpreted with a standard Boltzmann
probability analysis. This warrants greater attention and will be
the subject of follow-up work.

So far, we have argued that conducting IP predictions from
sampled clusters from MD simulations of bulk electrolytes is
more accurate and describes more phenomena than conven-
tional DFT methods. However, this method still inherently
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potential distributions and ionized species accounting for 1 M LIOTF DME at graphene at d) 0, e) =2, f) —5, and g) —10 4C cm™.

2

assumes that bulk solvation structures are representative of the
local environment of electrochemical interfaces, where
oxidative decomposition actually occurs. To demonstrate that
this IP sampling method can in fact capture interfacial effects,
we apply it to MD simulations at model graphene/electrolyte
systems at between 0 and —10 uC cm™> (Supporting
Information, Figure S7). Although the relationship between
surface charge density and electrode potential is difficult to
estimate, we believe these conditions are somewhat repre-
sentative of cathode operating conditions given a double layer
capacitance of 10s of uF cm™ and a potential of zero charge
near 3 Vvs Li/Li*.”> 1 M LIOTF DME was selected due to the
presence of ion pairs at 1 M concentration. For the purposes of
the sampling done in this work, we simplify the regions of
interest in these interfacial simulations as the following: 1) The
inner Helmholtz plane (IHP), defined by species in direct
contact with the electrode (distance <4 A), and 2) The outer
Helmholtz plane (OHP), 4 < distance < 20 A (Figure Sa). We
compare the IP distributions sampled from these regions with
the bulk distributions obtained previously. The electrode near
which sampling is conducted is sequentially charged in the (+)
direction (corresponding to negative interfacial charge) to
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understand the impact of bias on the IP distributions within
the EDL. It is also critical to note that any direct binding
interactions and the corresponding renormalization of the
electronic structures between the interface and the electrolyte
are not considered via this methodology, and would need to be
considered by a coupled simulation that also considers
quantum mechanics, such as those developed by Shin et al.*®

As shown in Figure 5b,c, the introduction of a positive bias
on the graphene electrode results in a depletion of Li* and
enrichment of OTF~ at the interface due to electrostatic
repulsion and attraction, respectively. Comparatively, this bias
has little influence on the presence of neutral solvent molecules
(Figures S7, S8). Moreover, although there is minimal anion
adsorption at 0 and —2 uC cm™2 the IP distributions of
clusters from the OHP, which contain directly adsorbed
solvents, are relatively similar to bulk systems (Figure Sd,e).
However, at increased surface bias, anions in the IHP begin to
have a more pronounced influence in the overall IP
distribution (Figure 5f,g). Critically, under these conditions,
the repulsion of Li* from the interface induces a depopulation
of highly stable CIP clusters from the IHP, indicating a
destabilizing effect of positive electrode charge. Although
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adjustments to the protocol should be made to more
accurately sample the states that dictate electrolyte oxidation
at the interface, these results suggest a reasonable ability of
bulk IP sampling to capture more complicated interfacial
phenomena.

In this work, we introduce a statistical IP sampling
methodology that integrates MD and DFT to more accurately
predict the oxidative stability of lithium battery electrolytes.
Unlike traditional pair-DFT approaches, which are limited by
finite size and minimum energy structure effects, this method
captures the distribution of oxidation potentials across
molecular clusters whose composition and internal orientation
are thermodynamically converged from larger-scale classical
MD. Applied to a range of salt—solvent combinations and
concentrations, the approach reveals that oxidative stability is
highly sensitive to Li"-anion interactions. We also find that the
identity of the oxidized species can differ substantially from
pair-DFT approaches, particularly for systems in which the
anion and solvent are similar in inherent stability. This method
reproduces the well-known experimental correlation between
oxidative stability and salt concentration and is capable of
capturing shifts in IP distributions under applied electrostatic
bias at model electrode/electrolyte interfaces. This approach
advances a more sophisticated and nuanced view solvation in
battery electrolytes, which can be easily applied to more
generally to understanding oxidative and reductive stability of
electrolytes in energy storage systems.
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