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The recently established water-in-salt electrolyte (WISE) concept
indicates the possible application of aqueous electrolytes in
lithium-ion batteries (LiBs). The application of this type of highly
concentrated electrolyte relies on a proper understanding of their
thermodynamically stable solutions. Therefore, fundamental
insights regarding the Li[TFSI] solubility in water are important for
the rational design of reproducible and stable WISE.

Recently, increasing concerns about the safety of LiBs due to
occasional fire/explosion accidents have cast a shadow on their
large-scale application.' The main cause of those safety hazards
is the combination of less stable high-energy electrodes and
flammable non-aqueous electrolytes in the LiBs.>® In that
perspective, the possibility to use batteries based on water as
solvent seems to be an attractive alternative. The main disad-
vantage for large-scale application of aqueous electrolytes in
LiBs is low energy density, which is caused by the low working
voltages due to electrochemical water splitting.* A significant
breakthrough in the application of aqueous electrolytes was
achieved by increasing the salt concentration of salt-water
mixtures, resulting in a simple and effective strategy to over-
come most of the remaining hurdles limiting the present water-
based LiBs.” Since this discovery the WISE electrolytes obtained
significant scientific attention followed by the concern regard-
ing their stability.® Very high salt concentrations result in
enhanced interactions between the salt cations and anions
with water, reducing the chemical activity of water molecules
to undergo a reduction to unwanted hydrogen gas. Despite
increase in stability, the main drawbacks of WISE involve costs,
toxicity and viscosity of the electrolyte, as well as a reduction of
specific energy and faster self-discharge.”® The commercially
used Li[PF¢] salt has been shown not to be suitable for aqueous
electrolytes, since Li[PF¢] undergoes fast hydrolysis followed by
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the evolution of HF, which reduces the stability window and
represents a significant environmental hazard.'®' On the
other hand, lithium bis(trifluoromethane sulfonyl)imide,
Li[TFSI| displays better stability in aqueous electrolytes, and
the favorable hydrolytic reaction is moved towards evolution of
LiF. For this reason, Li[TFSI] has become the most commonly
used salt in the WISEs.">"® This type of WISE was firstly
proposed by Suo and coworkers, and since then it has become
extensively used in the investigation of aqueous LiBs with
reported concentrations up to 21 mol of Li[TFSI] per 1 kg of
water.> However, in the literature, there is a lack of systematic
solubility data of aqueous Li[TFSI] at different temperatures.
The work of Gilbert and co-workers provides the salt solubility
at ambient temperature based on the simple flask-shake
method, used without precise temperature control."* The work
of Ding et al. provide a full phase diagram of the Li[TFSI] + H,O
system using a melting point technique showing significantly
higher solubility as compared to the flask-shake method." The
reason for discrepancies could be found in the formation of
meta-stable lithium-salt hydrates. This problem is well known
for lithium halides characterized by inconsistency of experi-
mental results depending on the method of measurement
used.'®"” Therefore, the alarming possibility to accidentally
make an over-saturated Li[TFSI] solution by heating to satura-
tion with subsequent cooling is certainly a risk. The potential
over-saturation can cause significant issues in the reliable
evaluation of battery performance when using WISE, especially
regarding the long-term performance. In this work, the solubi-
lity of aqueous Li[TFSI| is presented, and the results are
rationalized on the basis of spectroscopic and molecular
dynamics (MD) investigations of aqueous Li[TFSI] systems at
different mole ratios. In this context, it should be noted that the
Li" ion is one of the most polarizing cations, perhaps the one
most similar to H', and strong hydration with local structures
not too different from those in acidic water solutions, are
expected and also identified.

The solubility of Li[TFSI] in water was determined in the
temperature range 288-323 K, and the results are presented in
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Table 1 The solubility of aqueous Li[TFSI] in the temperature range 288—
323 K

Molality (mol of Li[TFSI]
perkg of water)

Li[TFSI]: H,0

Temperature (K) molar ratio

288 14.23 (£0.13) 1:3.90
293 16.24 (+0.22) 1:3.42
298 18.41 (+0.28) 1:2.97
303 20.05 (4+0.11) 1:2.77
308 22.43 (£0.25) 1:2.48
313 25.06 (£0.36) 1:2.22
318 26.84 (£0.23) 1:2.10
323 27.21 (£0.18) 1:2.04

Table 1. In order to confirm that equilibrium was obtained
during the experiments, the samples were extracted at different
equilibration times.

The solubility was determined by gravimetry, while the co-
existing solid phase was identified using X-ray power diffrac-
tion (XRPD). Equilibrium is postulated when the changes in the
solubility and XRPD traces no longer can be observed. A typical
diffractogram is presented in Fig. S1 (ESIt). The XRPD traces of
the solid phase observed as a function of the scattering angle 26
show prominent peaks at 14.25° 16.01°, 18.43°, 19.01°, and
21.5°, which all are in good agreement with the literature values
regarding pure Li[TFSI](s)."® The obtained scattering traces
were used to confirm that an equilibrium between dissolved
Li[TFSI] and solid Li[TFSI| was obtained at each temperature
investigated displaying a solubility range from 14.23 mol kg~"
at the lowest temperature to 27.21 mol kg™" at the highest
temperature. The solubility at 293 K (16.24 mol kg™) is slightly
higher as compared to that reported by Gilbert et al.,
16.01 mol kg™ (or 0.8217 wt%) at, as stated, 295 K."' In their
work, the authors also applied the shake-flask method, but
without precise temperature control and with no specification
of the time of equilibration. Furthermore, the solubility
obtained at 298 K in this work (18.41 mol kg™ ') is significantly
lower in comparison to the results of Suo et al., where it was
suggested that a molality higher than 20 mol kg™" of aqueous
Li[TFSI] can be obtained at the stated temperature.® The origin
of this discrepancy cannot be determined, since the details of
their solubility determination are not provided. Nevertheless,
these acclaimed high solubilites should be taken with some
reservation.

Experimentally determined solubilities have a story to tell,
and general solution chemistry knowledge suggests that the
hydration of, in particular, the lithium cations must play a
central role. MD simulations can be used as a helpful tool to
visualize and to determine the dependence of salt solubility
with respect to the solvation environment of the salt ions.
Therefore, a systematic study at different ratios of Li-ion salt
and water was performed, based both on the systems that were
shown to be soluble in the water (molar ratios of 1:3, 1:4, and
1:6, for the Li[TFSI]: H,O mixtures), as well as for hypothetical
systems that exceed the limiting solubility (molar ratios 1:2
and 1:1). The number of ions and water molecules included in
the models in each simulation are presented in Table S1 (ESIT).
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Fig. 1 Partial RDFs (a), and coordination number probability (b) of water
O-0 atoms. Black — Li[TFSll4):H2Oq); red — Li[TFSIlg):H2O); green —
Li[TFS”u)IHzO(g); blue - Li[TFS”(l):Hzom),' Cyan — Li[TFS']m:HzO((,).

The solvation environments of water and Li" were studied in
more detail based on the MD simulation results by estimates of
partial radial distribution functions (pRDFs) and coordination
numbers (CNs). CNs represents the average coordination
number during the simulation and were estimated using the
equation:

v
CN = 47:/)[ g(r)yrdr (1)
0
where p is the average density, g(r) is the RDF, and r is the
distance from the central atom.

First, a water organization could be observed in the water
O-O pRDFs and CNs. The obtained results are presented in
Fig. 1 and Fig. S2 (ESIt). The height of the first peak in the
PRDFs shows a decrease with the increase of salt concentration,
followed by a shift of the maximum towards a longer distance.
The shortest distance between oxygen atoms in the water
molecules was determined to 2.74 A for Li[TFSI]y): H,O(s), with
a significant increase of the distance to 2.90 A (Li[TFSI]1): H,O(4)),
increasing further to 3.06 (Li[TFSI]4: H,O(3)), as the molar frac-
tion of salt was increased. A further decrease of the amount of
water offered a less pronounced effect in pRDF peak shifts (3.10 A
and 3.12 13). Also, it can be noted that the second peak area,
residing at a distance of ~5.5 A, decreases as the water content is
decreased. Notable peaks can be observed for liquid systems
(Li[TFSI](l):HZO(G), Li[TFSI](l):H20(4), and Li[TFSI](l):HZO(g)), while
this second peak is missing all together in the partial RDFs of the
Li[TFSI]1):H,O(z) and Li[TFSI];:H,O;) mixtures. As a conclusion,
the most significant difference with respect to the O-O partial
RDF peaks can be observed between systems below and above the
experimentally determined solubility limit. The two pRDF peaks
can be assigned to originate from the tetrahedral structure of
assemblies of water molecules in the mixtures, where each water
molecule is surrounded by four water molecules like in pure
water. The peaks that correspond to the distance of ~2.8 A
originate from coordination of the “central” water molecule by
neighbouring water molecules, while the peaks at a distance
~5.5 A represent O-O distances between the next-nearest neigh-
bour water molecules coordinated to the central water molecule.
The literature suggests that the addition of Li[TFSI| causes a
substitution of the central water molecule by Li* ions, causing the
observed change in the next-neighbour water-water molecule
distance (decrease in the second-peak area)."® The water network
structure was also monitored by the calculation of an O-O
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coordination number (Fig. S2, ESIf). The water-water CN con-
tinuously decreases with increasing Li[TFSI] concentration, as
shown in Fig. S2 (ESIt). The probability of the O-O CNs repre-
sents a more dynamic representation of the solvation environ-
ment, and it was determined for each system and the values are
presented in Fig. 1b.

The probability distribution of the CNs was calculated from
each time step in the simulations with a cut-off distance <4.0
A. The addition of Li[TFSI] leads to a less pronounced organiza-
tion of water molecules, followed by a shift of CN towards lower
probabilities. Nevertheless, the obtained results suggest that
systems with a concentration of lithium-ion salt below the
solubility limit display a wide distribution in water-water CNs
while above the solubility limit the CNs collapse to low values.
This suggests that precipitation of Li[TFSI] takes place when the
amount of water molecules becomes insufficient to maintain a
local water structure. In parallel, also the Li-ion solvation was
investigated. The pRDFs monitoring the Li" solvation by
O(TFSI) and O(water) are shown in Fig. 2a and b. By comparing
the pRDFs for Li-water and Li-TFSI interactions, both systems
give rise to a sharp peak at about the same distance (~ 2 A). The
intensity of the peaks increases gradually with the concen-
tration of Li[TFSI] with respect to O(TFSI)-Li‘, while the
O(water)-Li" intensity significantly increases going from
Li[TFSI][l):H20(6) to Li[TFSI](l):HZO(4). Further increase of Li-
ion salt concentration has insignificant influence on the inten-
sity of the short-distance peak. In addition, it can be observed
that the first peak clearly shifts with respect to the O(TFSI)-Li"
contact, while the distance of the O(water)-Li' interaction
remains constant. Following the CN probability (Fig. 2c and
d) estimated with a cut-off distance of 3.0 A from the Li* ion, a
significant change regarding water molecules coordinated to
the lithium ions is observed only after exceeding the experi-
mentally determined solubility limit. Below the solubility limit,
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Fig. 2 Partial RDFs of O(water)—Li* (a), O(TFSI)-Li* (b), and coordination
number probability for O(water)-Li* (c) and O(TFSI)-Li* (d). Black -
Li[TFS”(l):Hzo(l),' red - Li[TFS”(l):Hzo(Z); green - Li[TFS'](l):Hzo(g),'
blue — LilTFSllg: H2Owy; cyan — LIlTFSIly: H20e).
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Li" shows a broad range of coordination numbers (from 1 to 3)
with about the same probability. Similar results were obtained
for the overall coordination numbers in the work of Zhang
et al.'” and Borodin et al.*® In the systems Li[TFSI];):H,O(;) and
Li[TFSI];):H,O(,) instead a significant decrease in the CN of
water-Li" coordination can be observed, where the highest
probability can be assigned to a system with only one water
molecule in the lithium-ion solvation shell. In addition, in
these two super-concentrated mixtures, the probability to find
lithium at all without any water in the coordination sphere
becomes high; amounting to almost 25% (Li[TFSI]y: HyO()
and 35% (Li[TFSI];): H,O(y)), while in the other systems corres-
ponding to concentrations below the solubility limit this prob-
ability is close to 0%. With an increasing salt concentration in
the solution, Li" and TFSI~ start to form more frequent direct
contacts, as indicated by the increase in the CN for O(TFSI)-Li".
At the highest concentration of Li[TFSI| corresponding to a
homogenous mixture (Li[TFSI];): H,O(3)), close to 90% of the
Li" ions are coordinated by TFSI~ corresponding to a broad
range of CNs. At higher salt concentrations, essentially all
lithium ions are coordinated by TFSI™. Therefore, once salt
concentrations become so high that the probability to find less
than 2 water molecules in the solvation shell of lithium ions
becomes high, precipitation spontaneously takes place.

The exclusion of water molecules from the Li-ion solvation
sphere can also be followed in Raman spectra of the mixtures,
where a significant shift in the Raman bands of the S-N-S
bending modes (745 cm™ ") of the TFSI anions (Fig. S3, ESIt)
can be noted.” It has been shown that this Raman peak from
the anion is highly suitable to monitor the Li-ion-TFSI inter-
action, and it shifts towards higher wavenumbers as the salt
concentration is increased. Wavenumbers higher than
749 cm~ ' have in the literature been ascribed to aggregate
ion-pairs of lithium cations and TFSI™ anions, which in this
work is observed for the oversaturated systems. Moreover, the
changes of the O-H stretching vibration (2800-3500 cm™ ") of
water upon addition of Li[TFSI] was investigated by using the
principle of excess Raman spectra.>’ The excess spectra were
obtained by subtracting the pure water Raman spectra from the
spectra of lithium-salt containing solutions. In the excess
spectra positive and negative bands can be observed (Fig. S4,
ESIT). The positive band in excess spectra represents the water
molecule that interacts with the added ions, while the negative
band is suggested ta mainly arise from the depletion of bulk
water. The (negative) integral area of the negative peak is
gradually increased by the addition of Li[TFSI] suggesting the
progressive disturbance of the bulk water structure. The hydra-
tion number (Npydration) can be estimated from the hydration
spectra (Fig. S5, ESIt), based on the equation:

,[Ihydration(l/)dl/ /nLi[TFSI]

Ohydrati .
‘[Ihydration(y)dy + —fdration + J]water(y)dy

N hydration = n
water

Owater

(2)

where Inydration represents the hydration spectra, obtained after
deconvolution of the excess spectra, Iyaeer is the integral of bulk

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 The representative snapshots from MD simulations.

Wwater, Ohydration/Owater 1S the Raman cross section derived from
the recorded spectra (determined to 0.75), while n; represents
the number of moles of the corresponding species. The hydra-
tion numbers obtained from the excess Raman spectra should
be regarded as an effective CN of the lithium ions; thus, the
number of surrounded water molecules affected by the polariz-
ing power of the small Li* ion. The obtained hydration numbers
are presented in Fig. 3, suggesting that the systems with the
hydration number below 0.5 not contain sufficient water in the
Li" solvation shell to allow fluidity of the system.

The results show that an insufficient amount of water
molecules with respect to the solvation of the lithium cation
causes the experimentally observed precipitation and results
from the MD simulations offer insights to the reasons at a
molecular level. The fundamental results for the Li[TFSI] solu-
bility in water presented in this work are important for the
rational design of reproducible and stable WISEs. The obtained
solubility of 18.41 mol kg™ " at 298 K suggests that the Li[TFSI]
concentration in WISEs should be carefully selected. The use of
thermodynamically equilibrated solutions allows better control
of the electrochemical processes and will significantly help in
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the understanding of the processes that increase the stability of
aqueous electrolytes. The MD simulations (Fig. 4) suggest that
the mole ratio of Li[TFSI] to water corresponding to 1:3 forms
an upper limit for stable mixtures, in which a sufficient amount
of water are available for, at least partially, solvate the Li"
cations.
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