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Formation of Polymer-Like Nanochains with Short Lithium-Lithium
Distances in a Water-in-Salt Electrolyte
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Water-in-salts (WiS) have recently emerged as promising electrolytes for energy storage applications, ranging
from aqueous batteries to supercapacitors. Here, ab initio molecular dynamics is used to study the structure
of a 21 m LiTFSI WiS. The simulation reveals a new feature, in which the lithium ions form polymer-like
nanochains that involve up to 10 ions. Despite the strong Coulombic interaction between them, the ions
in the chains are found at a short distance of 2.5A. They display a drastically different solvation shell
compared to the isolated ions, in which they share on average two water molecules. The nanochains have
a highly transient character due to the low free energy barrier for forming/breaking them. Providing new
insights into the nanostructure of WiS electrolytes, our work calls for re-evaluating our current knowledge
of highly concentrated electrolytes and the impact of the modification of solvation of active species on their

electrochemical performances.

I. INTRODUCTION

Water-in-salts (WiS), solutions in which the salt out-
numbers the solvent in terms of volume and weight, are
among the liquid electrolytes receiving most attention
in the last years for electrochemical energy storage.':
The first WiS, an aqueous solution of lithium bis-
(trifluoromethyl)sulfonylimide (LiTFSI) with a molality
of 21 m, was reported to expand the electrochemical sta-
bility window of water up to nearly 3V,? spurring a re-
birth of research on aqueous batteries. Since then, nu-
merous experimental and theoretical studies have been
devoted to characterize the physico-chemical properties
of WiS, revealing peculiar characteristics compared to
conventional electrolytes. Combining various spectro-
scopies (Raman, infrared, nuclear magnetic resonance)
with classical molecular dynamics (CMD) simulations,
it was shown that almost all of the water molecules are
coordinated to the Li cations, forming relatively long-
lived Li(H,0), clusters, which promote Li diffusion and
lead to high conductivity of the liquid.* This organiza-
tion at short-range leads to the disruption of the usual
water hydrogen bond network, with only a few free wa-
ter molecules. Nano-heterogeneities with characteristic
lengths of 1 to 2 nm were further highlighted by small-
angle neutron scattering and CMD simulations.® The an-
ions tend to self-aggregate in nanodomains, with cations-
water clusters forming a 3D percolating network. The
structural organization found in the bulk electrolyte al-
ters the properties of the electrode/electrolyte interface,’
mitigating hydrogen evolution reaction and degradation
reactions and resulting in improved electrochemical per-
formances of WiS.”®

Despite the agreement between previous studies on the
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existence of Li(H20);" clusters, the various structures
provided by CMD simulations®” display significant dis-
crepancies, in particular for the typical Li-Li distances
(Fig. S1) and the Li-O coordination numbers (Fig. S2).
It is well known that the results depend on the choice
of the force field, and in particular depending on the
handling of polarization interactions.®“'7 A way to cir-
cumvent this problem is to use more accurate ab initio
MD (AIMD)*® 2! and/or machine-learning based MD.??
For example, AIMD was used to probe the formation
of complex 3D structures in localized high-concentration
electrolytes.'®1? However no lithium chains were evi-
denced in this study, probably due to the use of other
solvents than water. Two studies focused on the calcu-
lation of spectroscopic features?? and the reactivity?? of
the LiTFSI WiS, but the nanostructure of the system
was not analyzed in details.

In this work, we employ AIMD at the Density Func-
tional Theory level to investigate a 21 m LiTFSI WiS. By
simulating a large system made of 128 ion pairs and 340
water molecules for 70 ps, we show that LiT cations asso-
ciate within the aqueous nanodomains to form polymer-
like nanochains inside the liquid. The chains have a
strongly transient nature, which can be understood based
on very low free energy barriers to switch to and from the
isolated ions. Finally, the microscopic solvation mecha-
nism at play is analyzed in detail, and comparison with
the recent literature shows that such structures may be
more frequent than initially thought.

Il. RESULTS AND DISCUSSION

When studying conventional lithium ion-based elec-
trolytes at the molecular level, the focus is often put
on the first solvation shell of lithium cations, and how
it is shared between water molecules and anions. How-
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FIG. 1. Local structure of lithium ions in three solvation environments: I (a), II (b,c), III (d).

The subfigures (a) and (b)

correspond to the linear and disrupted nanochain, and the subfigures (c) and (d) to a pair of lithium ions at larger separation.
Red-pink solid lines correspond to the LiT- - - O non-bonded interactions at separations smaller than 2.8 A.

ever, a global look at the nanoscale structure is neces-
sary for highly concentrated systems.?? In the case of the
LiTFSI WiS, the formation of two 3D percolating net-
works was evidenced.?!® For this reason, it is necessary
to perform simulations on a system with large dimen-
sions compared to conventional AIMD studies of aqueous
electrolytes, which are usually restricted to one or a few
ion pairs and typically ~100 water molecules. The struc-
ture factor obtained by small-angle neutron scattering for
the LiTFSI WiS is characterized by a peak around 0.45
to 0.50 A*1,5 which is representative of nanostructures
of size & 1.4 nm, so that a simulation cell of dimen-
sion 3.464 nm was used in the present study, that con-
tains 128 ion pairs and 340 water molecules. In addition,
the timescales associated to the relaxation of such nan-
odomains are usually significantly longer than the typical
solvation timescales (which are of the order of 1-10 ps),
so that long trajectories of 70 ps were gathered.

In agreement with previous works, the formed
nanodomains are enriched in water or in anions, re-
spectively, while the Lit cations participate in both.
Interestingly, the radial distribution functions (RDFs)
showed the existence of pairs of lithium ions for some
force fields at rather short distances (Figure S1), which
was attributed to the aqueous-rich domains.'32%25
The most stringent proof was provided for another
WiS made of LiNOs.” In that case, the combination

of x-ray diffraction and MD simulation showed the
formation of polymer-like lithium chains, albeit with
rather large distance (i.e. larger than 3.5A) between
neighbour LiT ions. In this work, we confirm the
latter study, with lithium ions forming nanochains of
different sizes inside the liquid after a sufficiently long
(70 ps) AIMD simulation. However, as illustrated on
Figure 1la), Li"-.-Li" pairs are observed at distances
much smaller than 3.0A. These structures are very
short-lived: We observe many formation/breaking events
during our simulation. The ions are mainly arranged
into linear nanochains, with some branches occasionally
appearing during the growth process. Several episodes
of the linearity spontaneously being disrupted for 2-3 ps
are observed during the run, leading to the structure
shown on Figure 1b). This results in the fraction
of polymerized lithium ions fluctuating in the range
of 5-20%. The absence of such structures in CMD
simulations (Figure S3a) points towards the necessity
to include electronic structure effects for observing them.

The comparison of the computed structure factor,
S(q), to the x-ray (Figure 2d, Figure S4a) and neutron
(Figure S4b,c) scattering shows that the simulated liquid
structure agrees well with the experimental results. How-
ever, previous CMD studies that did not include short
lithium-lithium chains (but had a similar medium-range
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FIG. 2. (a) Radial distribution functions (RDFs, g(r)) of the
oxygen atoms of the anion (Oani), water (Ow), and lithium
ions around the lithium cation. The inset (b) shows a magni-
fied view of the Li" - - - Li" RDF, with the distance definition
of three different Li" solvation environments. The dashed
lines correspond to the first (3.0 A) and second (4.1 A) min-
ima of the RDF. (¢) The Li"- - -Li" free energy profile as
a function of separation between cations obtained from the
RDF in panel (b). (d) Structure factor of LiTFSI WiS sys-
tem computed from the simulation and compared to x-ray
scattering experiments.’

structure as in the current work), also display similar
agreement.'? This is due to the fact that the Li*- - -Li"
contribution remains relatively small as illustrated by
the partial S(q) in Figure S4d-f. We also note that the
structure of the solvation shell of the LiT ions is also
in good agreement with most of previous CMD studies
(Figures S2, S5), showing that the latter generally catch
well the solvation effects.

In order to refine the characterization of the
nanochains formation, Figure 2a-b displays the Li-
O and Li-Li partial RDFs. We observe that the closest
Li"---Li" contacts are located at about 2.5A, being
notably shorter than that predicted in the literature by
CMD (Figure S1) and within the range of the Li-O first
solvation shell. This first peak at 2.5 A is then followed
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FIG. 3. (a) Time evolution of the fraction of the lithium
cations (¢(t)) involved into three solvation environments (I,
II, and III). (b) Example of a time evolution of a distance
between two lithium cations which undergo a III—-II—I tran-
sition.

by two other peaks with lower intensities at 3.5 A
and 5.3A. Therefore, three structural environments
cohabit for the Li cations. Based on the corresponding
minima of the RDF, we note them I for r < 3.0 A,
IT for 30 A < r < 41 A and III for r > 4.1 A
- typical snapshots of the various environments are
shown on Figures 1 and S3b,c. The lithium nanochains
correspond to environment I, and the episodes of its
disruption to that of II. However, it should be noted
that the fraction of contribution II varies from 20 % to
50 %, being higher than that of I (Figure 3a). This is
because not only non-linear lithium chains belong to
this environment, but also other polymeric structures
(mainly, lithium pairs, Figure S3c¢), which try to further
arrange into chains.  Environment III remains the
dominant contribution in the solution (45-75%) and
corresponds to isolated solvated lithium cations. The
free energy barriers, as estimated from the corresponding
Li"- - -Li" potential of mean force, are rather small, not
exceeding 0.6 kcal mol " (Figure 2c), which corresponds
to about 1 kg T, for all the transitions. This means that,
due to the thermal fluctuations, lithium solvation can
dynamically switch from one environment to another
on relatively short timescales. This dynamical exchange
is illustrated in Figure 3, which shows that the con-
centration of the three environments varies along the
simulation (panel a), and through the variation of the
Li-Li distance during a III—II—I transition (panel b).
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FIG. 4. Probabilities of finding a specific number of O atoms
in the first Li" coordination shell (a-d). Subfigure (a) con-
siders the total number of O atoms in the first Li" solvation
shell, while subfigures (b-d) represent O from the TFSI an-
ion (Oani) and of water molecules (O, ) separately.

Formation of the lithium nanochains is not favorable
unless some solvent molecules and anions can compensate
for the local excess of positive charge. The most probable
interaction of lithium cations with oxygen atoms of water
and of TFSI occurs at 1.9-2.0 A and the first coordina-
tion shell extends up to 2.8 A (Figures 2a, S6). On aver-
age (Figure 4a), the most likely total coordination num-
ber (CN) of lithium is 4 (56 % of cases) that corresponds
to a tetrahedral geometry, although CNs of 3 and 5 are
also observed in 15 % and 21 % of cases, respectively. If
we now compute the CN for the different lithium environ-
ments, we observe that the local environment I is strik-
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FIG. 5. The Lit- - - O, - -Li" angle probability distribution
with the corresponding snapshots representing the most prob-
able angles in environments I and II. The dashed line refers to
the experimental O, - - - O,, - - - O, angle probability distribu-
tion, obtained from joint x-ray and neutron scattering data.?%

ingly different from the average representation, as well as
from environments IT and III. The most probable total co-
ordination numbers are higher, ranging from 4 to 6 (29 %,
42 % and 25 %, respectively). By decomposing the total
CN in water and anion contributions, Figure 4b shows
that the cation is surrounded by 2-5 water molecules,
and often (43 % of cases) one anion is found nearby. Such
close lithium contacts are achieved by sharing one - three
water molecules (and sometimes one or rarely two anions)
as shown in Figures la, S7a, S8. The presence of sev-
eral bringing species enforces the geometry of the lithium
nanochains to be linear. This leads to notable devia-
tions from tetrahedral coordination of the involved water
molecules: the Lit- - - O --Li" angle attains 65-75° as
shown in Figure 5, which remains within the experimen-
tally reported angles between water molecules in the pure
liquid.?% The structure of our nanochains agrees with the
previously reported results on highly concentrated LiNOg
solutions. Despite the difficulty in catching the lithium-
lithium environment by scattering experiments, the anal-
ysis made in Ref. 7 concluded that the typical distances
between some water molecules are explained by the for-
mation of bridged structures between lithium ions similar
to the ones shown on Figure 1, with a general formula
(Li(H20)2) .-

Moving to environment III, we can see that the prob-
ability distribution of the total CN is very similar to the
average picture. The dominant total value is 4, result-



ing in 24 2 or 34 1 water and anion species in the first
solvation shell of lithium (Figure 4d). The geometry of
such a complex is close to a tetrahedra as depicted in Fig-
ure 1d. Surprisingly, the probability of finding a cation
in a completely symmetrical environment, solvated solely
by water molecules, is rather low (about 3%). Finally,
the CN distributions of environment II (Figure 4a,c) are
quite similar to those of III. Nonetheless, the tetrahedral
geometry of lithium coordination shells becomes partially
distorted when approaching each other, i.e corresponding
to the transition III—II. Attempting to reach closer con-
tact, lithium cations start sharing one water molecule
(Figure 1¢,S7b), and the Li---Ow- - -Li angle reaches
110-115° (Figure 5), which corresponds to an almost per-
fectly tetrahedral environment. Further II—I transition
becomes possible only in the presence of a second shared
water (or an anion) since one “bridging” molecule is not
sufficient to stabilize a lithium-lithium dimer formation.

As mentioned before, a second minor contribution to
environment IT comes from the distortion of nanochains
into non-linear chains (Figure 1b, denoted as IT*). This is
reflected in a more notable contribution of CN = 5 com-
pared to environment III, associated with greater frac-
tions of CNy, = 3 and CN,,; = 2 as shown in Figure 4c.
The I—II transition starts from the loss of one bridging
species, due to which two neighboring lithium ions are re-
pelled from each other by about an extra 1 A. It causes
breaking down the linearity of the chain, and cations are
found in an irregular solvation environment, intending
to arrange back into the nanochains. Therefore, envi-
ronment II should be interpreted as a metastable state
between environments I and ITI, with low energy barriers
(< 0.25kcalmol ') towards both directions (Figure 2c).

Such a close approach of metal aqua ions, even if quite
unexpected due to notable electrostatic repulsion, has
been already revealed in the literature for some other
systems. A similar effect was also observed in a biva-
lent aqueous electrolyte, confined inside carbon micro-
pores under an applied potential.2” Here, the short-
est M?". .. M?" distance, evaluated using Extended X-
Ray Absorption Fine Structure spectroscopy, was only
2.7 A, attained by sharing several water molecules be-
tween cations. Even more recently a machine-learning
potential trained on density functional theory simulations
also displayed short Li"- - -Li" distances in a LiCl solu-
tion. The state was found to be (strongly) metastable,
which is probably due to the much lower concentration of
lithium ions (and the absence of nanodomains) compared
to the WIS investigated here, but it opens the possibility
that such cation pairs are a common feature in concen-
trated and/or confined aqueous solutions.?®

In the case of solid-state Li-ion conductors, the most
probable Li"- - -Li" distance was reported to be 2.5 A
in an AIMD study of Li;LasZr,0;5.29 Similarly to our
system, this short separation of two cations is ensured
by charge compensation thanks to several oxygen atoms
in the lithium local environment. The only difference
is that these oxygen atoms have a fixed position im-
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FIG. 6. 3D-plot of the distinct part of the Li”- - -Li" van
Hove time-space correlation function. The Li-Li distance (x-
axis) is plotted versus the lag time between two trajectory
frames (y-axis), and the color scale represents the intensity of
the correlation function.

posed by the crystal structure, while in our case solvent
molecules are required to re-arrange in order to stabi-
lize the formed lithium nanochains. From the dynamic
point of view, these nanochains are associated to cooper-
ative dynamics and deviations from the Nernst-Einstein
approximation for the electrical conductivity.3?3! Albeit
the trajectories provided by AIMD are too short to esti-
mate correctly the diffusion coefficients of the species (let
alone the conductivity) as shown in Figure S9a, it is pos-
sible to investigate possible correlations by calculating
the distinct part of the Van Hove correlation function,??
which is a time-dependent generalization of the RDF.
The Li" - - -Li" function typically displays values larger
than 1 at r = 0 A in superionic conductor for times
greater than 0 because lithium ions replace each other
on the lattice sites of the structure.®' Despite the lig-
uid character of our system, similar effects are observed
in our case as shown on Figure 6, for which correlations
begin to be observed at times greater than 20ps. As a
consequence of the strong nanostructuration of the sys-
tem, dynamic heterogeneities can also be evidenced by
calculating the non-gaussian parameter.?* However, this
is not specific to lithium ions only since all the species
display heterogeneous dynamics (Figure S9b).

I1l.  CONCLUSIONS

To sum up, we have unveiled an unusual nanochain
formation of lithium ions in LiTFSI WIS electrolyte by
AIMD simulation. At large distances, the cations have
a regular tetrahedral environment, being fully solvated



by water and anion species. On the contrary, at closer
distances they arrange into linear nanochains, stabilized
by several bridging water molecules, leading to an in-
crease of the lithium coordination number. Due to low
free energy barriers, the system remains in dynamic equi-
librium, with continuous evolution of the local structure
at the nano-scale level. This polymerization-like phe-
nomenon has never been reported before neither by CMD
simulations (due to imprecise force fields) nor by ear-
lier AIMD studies (due to small system size). From
the dynamic point of view, the Van Hove correlation
function raises evidence of a cooperative motion between
the lithium ions involved in the chains. In future stud-
ies of WiS systems, we encourage to take into account
this effect either by reparametrisation of classical force
fields or by the use of machine-learning potentials. Fu-
ture works should track for the existence of similar ef-
fects in other ion-concentrated liquids, such as localized
high-concentration electrolytes*3® or high entropy elec-
trolytes®6~40 that have recently been introduced. High
impact of the presence of polymeric species on the inter-
facial properties is also to be expected, since the concen-
tration of ionic species within the electrochemical double-
layer is known to change drastically the local reactivity,
such as the formation of dendrites at the metal anodes.
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METHODS

The studied system was composed of 128 LiTFSI ion
pairs and 340 water molecules (3068 atoms in total),
corresponding to a molality of 20.9 m. The initial con-
figuration of a periodic cubic box was generated using
Packmol.*! The box length was equal to I, , . = 34.64 A,
being evaluated from the experimental density.*?

Prior to the AIMD run, the system was equilibrated
by classical MD using LAMMPS.*? The input files were
generated using fftool** utility. The Li" cation was rep-
resented by Aqvist force field,*> the TFSI™ anion by the
CL&P* model, and water by SPCE*" model. The net
charge of the ions was scaled by 0.8 in order to acceler-
ate the dynamics. A cutoff of 12 A was applied for non-
bonded interactions, and a tail correction was considered
for energy. The particle-particle particle-mash (PPPM)
method was used to evaluate electrostatic energies (the
accuracy of 107°). The geometry of water molecules was
kept rigid using the SHAKE algorithm. The timestep
was set to 1fs. The system was equilibrated for 20 ns
in the NVT ensemble. The Nosé-Hoover thermostat was
used to keep the temperature at 298 K.

The AIMD simulation at the Density Functional
Theory level was carried out using the QUICKSTEP
module?® of the CP2K package.?® The last configuration
of the classical MD run was used as a starting geometry.
The BLYP?%?! functional plus Grimme D3 correction®?
for van der Waals interactions were adopted, with a com-
bination of Gaussian (DZVP-MOLOPT-SR) plus plane
waves basis sets (400 Ry) and GTH pseudopotentials.
The nuclei displacements were predicted through clas-
sical Newton’s equations of motions integrated through
the velocity-Verlet algorithm, with a timestep of 0.5fs.
Three-dimensional periodic boundary conditions were
applied. The simulation was performed for 70 ps in the
NVT ensemble at 298 K, using the Nosé-Hoover thermo-
stat with a constant of 0.1 ps to keep the temperature
constant. The equilibrium properties were computed us-
ing last 20 ps.

The visualization of the simulation box was done in
VMD.?? The trajectory analysis was performed using
TRAVIS®*®® program and self-written tools. The free
energy profile was computed from the corresponding ra-
dial distribution function as F(r) = —kgT In (g(r)).

Additionally, we have performed simulations of a
smaller box, containing 64 LiTFSI pairs and 170 H,O
molecules. The obtained results are provided in the Sup-
porting Information (Figure S10).
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