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Chemical Decomposition of the TFSI Anion under Aqueous Basic Conditions
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Understanding the interfacial reactivity of aqueous electrolytes is crucial for their use in future batteries.
We investigate the reactivity of the bis(trifluoromethane)sulfonimide anion when exposed to a strongly
basic medium, by means of ab initio molecular dynamics and enhanced sampling techniques. In particular,
we study the nucleophilic 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 CF;0O~. 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.
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I. INTRODUCTION

In recent years, the research on aqueous batteries has
been boosted by the development of water-in-salt elec-
trolytes and their derivatives [1-3]. They enable the appli-
cation of large voltages, by pushing both the anodic and
the cathodic limits much further than those of conven-
tional 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 MogSs, [1],
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 pro-
tect the battery against continuous electrolyte degradation
during both cycling and storage [4]. Much work therefore
remains to be done before the development of a practical
water-in-salt electrolyte-based battery [5].
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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 (namely 4), so that the water
molecules compete to participate to their solvation shells
[1]. From the dynamics point of view, the properties of
such electrolytes resemble those of ionic liquids [6]. The
formation of the SEI on the anode is due to the decom-
position of the anion. Although first reports interpreted it
as a direct reduction of TFSI [7], it was also shown that
the water molecules were involved. Indeed, the formation
of H, showed that the hydrogen evolution reaction occurs,
which leads to the formation of hydroxide anions in the
vicinity of the electrode [8—10]. The OH™ can chemically
react with TFSI and catalyze the formation of a fluori-
nated SEI [8]. However, a recent x-ray diffraction study,
in which electrons are produced at the solid-liquid inter-
face, concluded on a surface-reduction of TFSI in which
no OH™ formation were observed [11]. The mechanism of
SEI formation in the presence of a water-in-salt electrolyte
therefore remains to be fully understood.

Knowing the decomposition process of TFSI would
certainly advance the feasibility of aqueous batteries, as
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degradation and growth  mechanisms at the
electrolyte-electrode interface control most of the prop-
erties of electrochemical devices [12—14]. One important
point is whether the anion directly reacts to form CF,-
containing species and LiF, or whether reaction interme-
diates are involved. Indeed, it could allow us to design
additives in order to control the growth and the stabil-
ity of the SEI, as well as to trigger it in the case of
other material chemistries. Here we show using density-
functional-theory- (DFT) based molecular dynamics (MD)
that the trifluoromethanolate compound can be a key reac-
tion intermediate. We study the reactivity of TFSI in a
strongly basic aqueous solution, previously investigated
with experimental means [8], using enhanced sampling
methods adapted to chemical reactions [15]. In this method
reaction coordinates based on the coordination matrix of
the atoms are used [16], which forces the reactions to
occur within the limited timescale of the simulations while
allowing enough flexibility to obtain unpredicted chemi-
cal 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
the liquid phase trifluoromethanol forms and then depro-
tonates. This molecule is known to be highly reactive,
thus providing an interesting lead to the origin of the SEI
formation in the presence of water-in-salt electrolytes.

II. ATOMISTIC MODELS AND COMPUTATIONAL
METHODS

Three types of system are considered: TFSI™ + OH™ in
vacuum (system A), and a 3 M LiOH aqueous solution
containing either 100 mM of LiTFSI (system B) or a sin-
gle CF3;0H molecule (system C). All initial geometries are
generated using a Monte Carlo procedure, implemented in
the PACKMOL [17] software. These include configurations
in the reactants state as well as in the products state. For
system B, the products state here corresponds to the one
we expected, namely fluoroform + N(SO,CF;)SOj;. Pre-
liminary relaxation of the models is then achieved with
short classical molecular dynamics simulations, using the
OPLS-AA, Joung and Cheatham, and SPC/E interatomic
potentials [18-20], and the LAMMPS software [21]. Com-
position, box size, and total charge are reported in Table 1.
For subsequent DFT calculations and as required for sys-
tems with periodic boundary conditions, charged systems

TABLE L.

are neutralized using a compensating uniformly charged
background.

All DFT-based MD simulations rely on the Born-
Oppenheimer approximation to the separation of ionic and
electronic timescales. All simulations are performed at a
temperature of 350 K. The deuterium mass for hydrogen
is used to ensure satisfying energy conservation with a
timestep of 0.5 fs. Systems are propagated in the canon-
ical ensemble, using a Nosé-Hoover chain [22] of three
thermostats with a time constant of 50 fs. Relaxation of
systems A and B, for both reactants and products states,
is achieved with unbiased DFT-based MD runs of respec-
tively 2 and 20 ps. Computations are performed at the
generalized gradient approximation (GGA) level, using
the rev-PBE [23] exchange-correlation functional with D3
correction [24] for dispersion interactions. The electronic
density and the wavefunction are represented using a dual
basis of both plane waves and Gaussian orbitals (GPW),
as implemented in the QUICKSTEP package of the CP2K
program [25]. A grid cutoff of 1000 Ry with an asso-
ciated relative cutoff of 60 Ry is necessary to converge
the total energy, with triple-¢ plus polarization basis sets
and GTH pseudopotentials (TZVP-MOLOPT-GTH). The
orbital transformation method is used to self-consistently
solve the Kohn-Sham equations, with a convergence crite-
rion of 1073,

For biased simulations, we follow the approach outlined
in Ref. [16] and define two collective variables, s and z,
called path collective variables:
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Here Ny =2 is the number of reference states, A is a
free parameter, R;, R, are the reactants and the puta-
tive products configurations, respectively, and R(?) is
the instantaneous position vector of all the atoms of a
given system. The variable s represents the progress along
a reaction pathway from a given state to another one,
and z the distance to this pathway. We define the sim-
ilarity to reference configurations using the generalized

System composition, box size (side length of the cubic simulation box, in angstroms), and total charge Q. Systems A, B,

and C respectively correspond to TFSI™ + OH™ in vacuum, 3 M LiOH containing 100 mM of LiTFSI, and 3 M LiOH containing a

single CF;OH.

System N(H,0) N(TFSI™) N(LiT) N(OH") N(CF;0H) Box length (A) Q)
A 0 1 0 1 0 25.00 -2
B 170 1 11 10 0 17.83 0

C 170 0 10 10 1 17.80 0
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distance D, i.e.,

DIR(1),R{] = Y [Cis(t) — CiT, 3)

is

which is the squared Euclidean distance. Here, we chose to
represent a given configuration through a local description
based on the coordination matrix C. Each element C;5 of C
represents the coordination of an atom i by atoms of type
S. The distance is computed by summing over all matrix
elements.

In a first step, the coordination is monitored during equi-
libration runs. The coordination of atom 7 by atoms of type
S is computed using a common [16] switching function

1= [R; (0/RST"
Cis(t) = : 4)
’ ]ZS I — [Ry (1) /RS ]"

where Rgs is a reference distance parameter, » = 6 and
m = 2n, the default values implemented in PLUMED. This
specific choice allows us to capture the change of coor-
dination of all the atoms we are tracking on the typical
distances observed at the metastable states. The R} val-
ues, reported in Table S1 within the Supplemental Material
[26], are determined from the unbiased dynamics data, and
set such that a nearest-neighbor (next-nearest-neighbor)
contribution amounts to a coordination of roughly 0.9
(0.3). Converged coordination values are computed by
averaging over time intervals from the unbiased dynamics
data for each state (reactants and products). These val-
ues are reported in Tables S2—S5 within the Supplemental
Material [26].

Finally, the A parameter of path collective variables,
which corresponds to the bandwidth of the radial basis
function kernel, is set such that the distance between the
reference reactants and products states times lambda is
roughly equal to 2.3. For systems A and B, this corre-
sponds to values of 0.470 and 0.309, respectively. This
choice sets the reactants state at s ~ 1.1 and the prod-
ucts state at s ~ 1.9, allowing for easy comparison of
different reactions and a smooth free-energy landscape
without too-strongly localized or delocalized metastable
states. Additional information on the metadynamics and
umbrella sampling simulation setups are provided in the
Supplementary Material [26].

III. RESULTS AND DISCUSSION

The main simulated system consists of a TFSI anion
inside a basic aqueous LiOH electrolyte. Indeed, simu-
lating directly the water-in-salt electrolyte would require
too large simulation cells, and experiments have shown
that the TFSI decomposes quickly under such conditions
[8]. DFT-based MD is the method of choice for study-
ing chemical reactions in the liquid phase, but it requires

biasing the system along reaction coordinates in order
to overcome the free-energy barriers [27]. In the present
work, two reaction coordinates are built by determining
the coordination matrix of a selection of atoms in the
reactants and products states. The former is easily cho-
sen since the initial compounds are known. Concerning
the products, since the computational cost of DFT-based
MD prevents us from exploring a plethora of scenarios, we
choose to follow the hypothesis made in Ref. [8]: based
on the larger Mulliken charge carried by the sulfur atom
within TFSI [28,29], 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 inves-
tigated previously [30]. Finally, C—S bond cleavage was
also observed from reductive decomposition of TFSI stud-
ied using an ab initio-classical hybrid scheme [31]. We
therefore choose trifluoromethane and the N(SO,CF;)SO;
anion as the probable products of this first step, as illus-
trated in Fig. 1 (which also gives the coordination matrices
for the two states). The first reaction coordinate (s) fol-
lows the advancement of the reaction, while the second
one (z) allows the system to deviate from the direct path-
way between the reactants and products states. We then
use metadynamics [32], an enhanced sampling method
that allows us 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 is first
enforced on isolated compounds, i.e., in the absence of any
solvent or other species. The free-energy profile obtained
is shown in Fig. 2(a). It is clear that the method allows
us to easily and efficiently pass from one state to the other.
However, the free energy is large for the reactants state due
to a significant contribution of the unscreened anion-anion
repulsion. The products have the lowest free energy, con-
firming 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
Supplemental Video 1 [26]). The carbon atom attracts the
hydrogen from the hydroxide, resulting in the formation of
a fluoroform molecule.

In the basic solution, the results are very different. The
metadynamics does not bring the system towards the same
products, as shown on Fig. 2(b). Instead, it forms tri-
fluoromethanol (CF;0H) and N(SOZCFg)(SOZ)Z*. The
latter anion has been previously identified as a product
of the radiolytic decomposition of ionic liquids involving
TFSI [33,34]. We can only speculate that in an environ-
ment involving strong Lewis acids such as Li* cations,
further decomposition will occur. Contrarily to the gas
phase, the reactants display a lower free energy because
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FIG. 1. [Initial hypothesis of reactants and products, along with
coordination matrices used in path collective variables. Special
atoms corresponding to row entries of the coordination matri-
ces are labeled in blue in the reactants state. Matrix elements
whose values change when going from reactants to products are
highlighted using colors in the coordination matrices.

the Coulombic interactions are screened by the presence
of the electrolyte. The products are largely metastable,
displaying a free energy of 206 kJ mol™': such an unfavor-
able state certainly indicates intermediates, which should
further decompose rapidly. Based on the converged free-
energy profile, the putative transition state (TS) has a free
energy of 298 kimol~'. The largest statistical error on
the free energy is of about 11 kJmol™', as explained in
the Supplemental Material [26]. In order to determine pre-
cisely the position of the TS, we perform a committor
analysis. This approach consists of picking several con-
figurations along the transition pathway and performing a
series of short (1 ps) simulations by randomly drawing ini-
tial velocities from the Maxwell-Boltzmann distribution.
If the point is located before (respectively after) the TS,
the trajectories will mostly evolve towards the reactants
(respectively products) 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 Fig. 3. Contrarily to the gas phase, the OH™
reacts with the TFSI with a nucleophilic substitution mech-
anism. In the TS the three C—F bonds lie within the same
plane, with the oxygen and the sulfur atoms lying on the
two sides of the plane (with corresponding C-O and C-S
distances of 2.49 and 3.21 A). Supplemental Video 2 [26]
shows the reactive event.

It is then interesting to understand why this second
reaction pathway is favored in the basic solution. A first
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FIG. 2. Free-energy landscapes obtained from umbrella sam-
pling, in the (s,z) space. (a) Reaction in vacuum, (b) reaction
in the basic solution. An example of the geometry is shown
for each metastable state, at s ~ 1.1, s ~ 1.9, and s ~ 1.5. The
cross corresponds to the location of the transition state identified
further on.

hint would be that the OH™ anions do not sufficiently
approach 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;0 molecules. These results are reported in Figs. 4(a)
and 4(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 the 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 within the
Supplemental Material [26], 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 attempt to force the forma-
tion of the expected trifluoromethane and N(SO,CF3)SO;
products in the basic solution, by transferring the TS
geometry obtained from the gas phase calculation to a
liquid system. More details concerning the procedure are
included in Section 6 of the Supplemental Material [26].
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Ten independent trajectories starting from the same position in (s, z) space [(a) s = 1.39,z = 0.33, (b) s = 1.43,z = 0.42,

(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 of panel (c¢). Black lines emphasize the O-C and C-S distances

of 2.49 and 3.21 A, respectively.

We simulate 100 committor trajectories from the gas phase
TS in solution, with randomized velocities. In each case,
the system relaxes to the reactants state, showing that
this geometry is no longer a good TS once immersed in
the basic solution. This can be due to either energetic
or entropic constraints on how reactant molecules must
arrange to form the expected products. In Figs. 4(c) and
4(d), 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 trajecto-
ries mentioned above. Both distances overall increase over
time. At short times (¢ < 25 fs), 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 [35]. As can be seen in Fig. 4(e),
upon relaxing to the reactants state, the anion readily forms
hydrogen bonds with the surrounding water network. Con-
sequently, 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
Video 2 [26]—its hydrogen atom still keeps the freedom to
form hydrogen bonds with the nearby water molecules.
We now discuss the reactivity of CF;OH. Unlike the
trifluoromethane that was initially envisaged, it does
not form stable gaseous molecules. In the gas phase,
trifluoromethanol eliminates HF in well-studied unimolec-
ular reaction processes [36—39]. It is however highly
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FIG. 4. Top: radial distribution functions computed over 20-ps-long unbiased equilibrium trajectories of the reactants in the basic
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: observables
computed from the 100 committor trajectories starting from the solvated gas phase geometry. (c) Distance between the sulfur from
TFSI and the oxygen from OH™, (d) distance between the carbon from TFSI and the hydrogen from OH™, (e) number of hydrogen
bonds involving OH™. Each color corresponds to an independent trajectory.

unlikely to observe such a reaction in an aqueous basic
environment, in which trifluoromethanol should act as a
proton donor. By performing further equilibrium simula-
tions of CF30H, still in the basic solution, we observe a
quick deprotonation to form the CF;0™ anion, as shown in
Fig. 5. CF30~ reactivity towards a series of molecules was
studied in the framework of atmospheric chemistry [40].
In the gas phase, it was shown to react rapidly with many
compounds (CIONO,, HO;NO;,, 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-
electrolyte and/or of the basic aqueous solution studied
here, its reactivity may differ due to the presence of Li™,
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

CF;0™+Li* —> CF,0 + LiF (5)

was suggested as a key step for the formation of the SEI
on a Si-C anode [41]. It is therefore possible that this com-
pound also plays a role in the formation of the SEI in
water-in-salt-based aqueous ion batteries.

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 fluoro-
form, 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
CF3;07. 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
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O-H distance (A)

FIG. 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~.

trifluoromethanol is not a convenient solution in this
respect because its synthesis requires complex conditions
[42], finding other compounds that could generate it in situ
during the first cycles of the battery would be an interest-
ing lead for future research. This work also emphasizes the
importance of taking into account the environment when
modeling chemical reactions occurring in batteries, as was
previously shown for prebiotic chemistry [16]. Indeed, in
the case of SEI growth, if the reaction pathways and prod-
ucts depend on the medium in which chemical species
evolve, the environment will eventually dictate the features
of the SEI, including its structure and stability.
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