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Abstract

Understanding the interfacial reactivity of aqueous electrolytes is crucial for their
use in future batteries. We investigate the reactivity of the bis(trifluoromethane)sulfonimide
(TFSI) anion when exposed to a strong alkaline medium, by means of ab initio molec-
ular dynamics and enhanced sampling techniques. In particular, we study the nucle-
ophilic attack by the hydroxide anion, which was proposed as a mechanism for the
formation of the solid electrolyte interphase at the negative electrode with water-in-
salt electrolytes. While in the gas phase we recover a stable gaseous product, namely
fluoroform, we observe the formation of trifluoromethanol in strong basic conditions,
which then rapidly deprotonates to form CF3O~. This anion was suggested recently
as a key compound leading to the formation of a solid electrolyte interphase on an Si-C
anode. Such an approach could be leveraged to discover convenient additives leading

to the formation of a stable interphase.

Introduction

In recent years, the research on aqueous batteries has been boosted by the development
of water-in-salt electrolytes and their derivatives.!™ They enable the application of large
voltages, by pushing both the anodic and the cathodic limits much further than the ones of
conventional aqueous solutions. On the negative electrode side, this is due to the formation
of a stable solid electrolyte interphase (SEI) on some materials such as MogSg,! but the
accessible voltage window remains too far away for the conventional graphite anode. In
addition, the SEI formed on the electrode was found to not be able to protect the battery
against continuous electrolyte degradation during both cycling and storage.* Much work
therefore remains to be done before the development of a practical water-in-salt electrolyte
based battery.®

The archetypal water-in-salt is lithium bis(trifluoromethane)sulfonimide (LiTFSI) at a

molality of 21 m. Under such conditions, the water molecules to Li ratio is largely below



the cation coordination number under infinite dilution conditions (4), so that the water
molecules compete to participate to their solvation shells.! From the dynamics point of
view, the properties of such electrolytes resemble the ones of ionic liquids.® The formation
of the SEI on the anode is due to the decomposition of the anion. Although first reports
interpreted it as a direct reduction of TFSI,” it was also shown that the water molecules were
involved. Indeed, the formation of Hy showed that the hydrogen evolution reaction occurs,
which leads to the formation of hydroxide anions in the vicinity of the electrode.®*° The OH~
can chemically react with TFSI and catalyze the formation of a fluorinated SEI.® However,
a recent X-ray diffraction study, in which electrons are produced at the solid/electrolyte
interface, concluded on a surface-reduction of TFSI in which no signs of OH™ formation
were observed.!! The mechanism of SEI formation in water-in-salt therefore remains to be
fully understood.

Knowing the decomposition process of TFSI would certainly advance the feasibility of
aqueous batteries. One important point is whether the anion directly reacts to form CF,-
containing species and LiF, or whether reaction intermediates are involved. Indeed, it could
allow to design additives in order to control the growth and the stability of the SEI, as
well as to trigger it in the case of other material chemistries. Here we show using den-
sity functional theory (DFT)-based molecular dynamics (MD) that the trifluoromethanolate
compound can be a key reaction intermediate. We study the reactivity of TFSI in a strongly

8 using enhanced

basic aqueous solution, previously investigated with experimental means,
sampling methods borrowed from prebiotic chemistry.!? In this method reaction coordinates
based on the coordination matrix of the atoms are used,!® which forces chemical reactions
to occur within the limited timescale of the simulations while allowing enough flexibility to
obtain unpredicted chemical products. Our results show that contrarily to the gas phase in
which OH™ and TFSI react to form a well-known stable (gaseous) product, trifluoromethane

(fluoroform), in liquid phase trifluoromethanol forms and then deprotonates. This molecule

is known to be highly reactive, thus providing an interesting lead to the origin of the SEI



formation in water-in-salts.

Results and Discussion
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Figure 1: Initial hypothesis of reactants and products, along with coordination tables used
in path collective variables. Special atoms corresponding to row entries of the coordination

tables are labeled in blue in the reactant state.

The main simulated system consists in a TFSI anion inside a basic aqueous LiOH elec-

trolyte. Indeed simulating directly the water-in-salt would require too large simulation cells,

and experiments have showed that the TFSI decomposes quickly under such conditions.

8

DFT-based MD is the method of choice for studying chemical reactions in the liquid phase,



but it requires biasing the system along reaction coordinates in order to overcome the free
energy barriers. ' In the present work, two reaction coordinates are built by determining the
coordination table of a selection of atoms in the reactants and products states. The former is
easily chosen since the initial compounds are known. Concerning the products, based on the

larger Mulliken charge carried by the sulfur atom within TFSI, %16

a nucleophilic attack of
OH™ on this site was suggested.® Weakening of the C—S bond by OH™ in an Mg(TFSI), —
diglyme electrolyte was also investigated previously.!” We therefore chose trifluoromethane
and the N(SO,CF3)SO3 anion as the probable products of this first step, as illustrated on
Figure 1 (which also gives the coordination tables for the two states). The first reaction
coordinate (s) follows the advancement of the reaction, while the second one (z) allows the
system to deviate from the direct pathway between the reactants and products states (see
Supplementary Section 4 for a definition of s and z). We then use metadynamics,'® an
enhanced sampling method which allows to progressively escape from free energy minima.
The main interest of this simulation setup is enforcing the system to react without having
necessarily to reach the guessed products state: any other products can be formed. Once a
reactive pathway is obtained, the free energy profile is computed using umbrella sampling.
In order to validate the method, the reaction was first enforced on isolated compounds,
i.e. in the absence of any solvent or other species. The free energy profile obtained is shown
on Figure 2A. It is clear that the method allows efficiently to pass easily from one state
to the other. However, the free energy is large for the reactant state due to a significant
contribution of the unscreened anion-anion repulsion. The products have the lowest free
energy, confirming that they are a good guess for the final state. The reaction occurs
through the approach of the O atom from the hydroxide to one of the S atoms from the
TFSI, which leads to the breaking of the corresponding C—S bond (see Supplementary movie
1). The carbon atom attracts the hydrogen from the hydroxide, resulting in the formation

of a fluoroform molecule.

In the alkaline solution, the results are very different. The metadynamics does not bring
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Figure 2: Free energy landscapes obtained from umbrella sampling, in the (s, z) space. A:
reaction in vacuum, B: reaction in the alkaline solution. An example of the geometry is
shown for each metastable state, at s ~ 1.1, s ~ 1.9, and s ~ 1.5.

the system towards the same products, as shown on Figure 2B. Instead, it forms trifluo-
romethanol (CF30H) and N(SO2CF3)(SO5)*". Contrarily to the gas phase, the reactants
display a lower free energy because the Coulombic interactions are screened by the pres-
ence of the electrolyte. The products are largely metastable, displaying a free energy of
206 kJ mol~!. Based on the converged free energy profile, the putative transition state (T'S)
has a free energy of 298 kJ mol~!. The largest statistical error on the free energy is of about
11 kJ mol™!, as explained in Supplementary Section 8. In order to determine precisely its
position, we perform a committor analysis. This approach consists in picking several config-
urations along the transition pathway and performing a series of short (1 ps) simulations by
randomly drawing initial velocities from the Maxwell-Boltzmann distribution. If the point is
located before (resp. after) the TS, the trajectories will mostly evolve towards the reactant
(resp. product) state, while close to the TS, they will share evenly between the two. The
results for three points, as well as the structure of the deduced TS, are shown on Figure 3.
Contrarily to the gas phase, the OH™ reacts with the TFSI with a nucleophilic substitution

mechanism. In the TS the three C-F bonds lie within the same plane, with the oxygen
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Figure 3: Ten independent trajectories starting from the same position in (s, z) space (A:
s =139, 2=0.33,B: s =143, z =042, C: s = 1.41, z = 0.40), with randomized initial
velocities. The color corresponds to the simulation time, going from cyan to magenta. The
crosses denote the initial configuration positions in the (s, z) space. The starting point in
panel C corresponds to a member of the transition state ensemble. D: geometry of the
identified transition state. Black lines emphasize the O-C and C-S distances, respectively
2.49 A and 3.21 A.

and the sulfur atoms lying on the two sides of the plane (with corresponding C-O and C-S
distances of 2.49 A and 3.21 A). Supplementary movie 2 shows the reactive event.
It is then interesting to understand why this second reaction pathway is favored in the

alkaline solution. A first hint would be that the OH~ anions do not approach sufficiently
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Figure 4: Top: radial distribution functions computed over unbiased equilibrium trajectories
of the reactants in the alkaline solution, between the sulfur from TFSI and the oxygen
from either hydroxide anions (A) or water molecules (B). Each color corresponds to an
independent trajectory. Gray lines correspond to the distances in the gas phase transition
state geometry. Bottom: distances between the sulfur from TFSI and the oxygen from OH™
(C), and between the carbon from TFSI and the hydrogen from OH™ (D), as computed
from the 100 committor trajectories starting from the solvated gas phase geometry. Each
color corresponds to an independent trajectory.

the S-C bond. In order to check this point, we compute the radial distribution function g(r)
between the sulfur from TFSI, and the oxygen from either OH™ or H,O molecules. These

results are reported in Figures 4 A and B. As can be seen from the first peak located at



4 A, both the hydroxide ions and water molecules are found in the surroundings of TFSI’s
S-C bonds, although never as close as in the case of the gas phase TS (the corresponding
distances are shown as gray lines in the two plots). This is also shown in Figure S5, which
displays the shortest distances over the course of the trajectories. It is then necessary to
understand why the hydroxide ions do not react with the TFSI. We thus attempted to
force the formation of the expected trifluoromethane and N(SO,CF3)SO3 products in the
alkaline solution, by transferring the TS geometry obtained from the gas phase calculation
to a liquid system. More details concerning the procedure are included in Supplementary
Section 10. We simulated 100 committor trajectories from the gas phase TS in solution, with
randomized velocities. In each case, the system relaxed to the reactants state, showing that
this geometry is not anymore a good TS once immersed in the alkaline solution. This can
be due to either energetic or entropic constraints on how reactant molecules must arrange
to form the expected products. In Figure 4C (4D), we show the time-dependent distances
between the sulfur (carbon) from TFSI and the oxygen (hydrogen) from OH™, over the
course of the 100 committor trajectories mentioned above. Both distances overall increase
over time. At short times (¢ < 25fs), the hydrogen moves away from the TFSI faster than
the oxygen, owing to its lighter mass, as well as to its propensity to form hydrogen bonds
with water molecules.'® Consequently the hydroxide orientation becomes unfavorable for a
nucleophilic attack to occur. On the contrary, to form the trifluoromethanol product, an
OH™ only needs to line up with the S-C bond, as can be seen in Supplementary movie 2 —
its hydrogen atom still keeps the freedom to form hydrogen bonds with the nearby water
molecules.

We now discuss the reactivity of CF3OH. Unlike the trifluoromethane which was initially
envisaged, they do not form stable gaseous molecules. In the gas phase, trifluoromethanol
eliminates HF in well-studied unimolecular reaction processes.?*?® It is however highly un-
likely to observe such a reaction in an aqueous basic environment, in which trifluoromethanol

should act as a proton donor. By performing further equilibrium simulations of CF3OH, still
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Figure 5: The O-H distance in trifluoromethanol plotted as a function of simulation time,
for ten independent trajectories. The gray box corresponds to the first 0.5 ps, in which the
molecule’s geometry is frozen. In all trajectories, the proton quickly leaves the molecule in
order to form CF;0~.

in the alkaline solution, we observe a quick deprotonation to form the CF30~ anion, as shown
on Figure 5. CF307 reactivity towards a series of molecules was studied in the framework
of atmospheric chemistry.?* In the gas phase, it was shown to react rapidly with many com-
pounds (CIONOy, HO;NOy, SO,, etc) by transferring fluoride, and it hydrolyzes in aqueous
solution to form F~, HF, and CO,. However, in the case of the water-in-salt and/or of the
basic aqueous solution studied here, its reactivity may differ due to the presence of Lit ions,
which is a strong Lewis acid (and is present under large concentrations). In a recent study

on the use of dioxolone derivatives for high-energy-density lithium-ion batteries, the reaction

was suggested as a key step for the formation of the SEI on a Si-C anode.?® It is therefore
possible that this compound plays also a role in the formation of the SEI in water-in-salt-

based aqueous ion batteries.
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In conclusion, we have shown that the TFSI anion reacts differently with the hydroxide
anion in the gas phase and in aqueous basic solutions. In the gas phase, the reaction occurs
through an attack of the C-S bond to form fluoroform, while in the liquid phase the hydrogen
bond network hinders the hydroxide to orientate in order to form the new C-H bond. Instead,
the reaction occurs via a nucleophilic attack on the carbon atom, leading to the formation of
trifluoromethanol, which quickly loses its proton to form CF3O~. This species is a well-known
fluorinating agent, so that its formation as a reaction intermediate provides an explanation of
the composition of the SEI in water-in-salt based aqueous batteries. In future years, designing
the SEI using well-targeted additives will be a key towards more efficient batteries with longer
cycle life. Although trifluoromethanol is not a convenient solution in this respect because
its synthesis requires complex conditions,?¢ finding other compounds that could generate it

in situ during the first cycles of the battery would be an interesting lead for future research.
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