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The transport properties and the underlying coordination structure of a ternary electrolyte
consisting of lithium bis(trifluoromethanesulfonyllimide (LiTFSI), 1,2-dimethoxyethane
(DME), and 1,3-dioxolane (DOL) is studied over a wide concentration range, up to that
of a Solvent-in-Salt (SiS) electrolyte. Among other advantages for next-generation
battery applications, SiS electrolytes offer a high lithium transference number (t;) of
0.73. We analyze the transport mechanism by electrophoretic NMR (eNMR), providing
the mobilities (u;) of all species. Intriguingly, in the SiS region, the mobility of the neutral
species DME exceeds the cation mobility (upme > wi). suggesting a heterogeneous
transport mechanism, where the Li* mobility is averaged over different species. Based
on Raman spectroscopy, NMR spectroscopy and MD simulations, we derive a model for
a concentration-dependent Li* coordination environment with a heterogeneous Li*
coordination in the SiS region, where the 15 coordination shell either consists of TFSI™
and DOL only, or of DME, TFSI7, and DOL. Lithium ions partially coordinated by DME
migrate faster in an electric field, in contrast to lithium ions solely coordinated by
anions and DOL molecules, explaining the peculiarity of the rapidly migrating neutral
DME molecules. Further, DME is identified as an exclusively bidentate ligand, while
TFSI~ and DOL act as bridging ligands coordinating different Li* ions. Thus, Li*
coordination heterogeneity is the basis for Li* transport heterogeneity and for achieving
very high Li* transference numbers. In addition, an effective dynamic decoupling of Li*
and anions occurs with an Onsager coefficient ,_ = 0. These results provide a deeper
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understanding of the very efficient lithium-ion transport in SiS electrolytes, with the
potential to bring further improvements for battery applications.

Introduction

The pursuit of next generation batteries beyond the established Li-ion technology
is driven by the need for high energy densities in mobile applications, but also for
safer and more environmentally friendly battery cell chemistries. The aim is to
increase the overall performance of batteries while enabling a more sustainable
product life cycle, e.g. by using abundant transition metals in the electrode
materials, and focusing on energy-efficient cell production.’” The introduction of
alternative active materials, however, imposes a range of new requirements for
the whole battery cell chemistry. The liquid electrolyte, as the only component
physically interfacing with every other battery cell component, governs the overall
performance and safety of the resulting chemistry by simultaneously coping with
issues arising from the active materials, e.g. dendrite growth, exfoliation, or
active-material loss. In the case of lithium-sulfur (LiS) batteries, highly concen-
trated liquid electrolytes are considered as promising candidates to overcome
these drawbacks. Due to the high conducting salt concentration, they contain no
non-coordinating solvents and exhibit an anion-rich lithium solvation shell,
leading to several advantages like broader thermal and electrochemical stability,
a robust inorganic SEI, the suppression of lithium dendrite growth and dissolu-
tion of polysulfides. Moreover, this unique solvation structure results in a high
rate capacity, improved galvanostatic cycling, a high coulombic efficiency, and
a high level of safety. In addition, high lithium transference numbers (¢;) of up to
0.7 were reported for different high-concentration electrolytes, which is notably
higher than the values ranging from 0.2 to 0.4 observed for common dilute and
moderately concentrated electrolytes.®™*

On the other hand, high-concentration electrolytes suffer from a high viscosity
and low ionic conductivity.**>™” Though conductivity is a vital bulk property of
each battery electrolyte, it is not decisive for the overall electrochemical perfor-
mance, as indicated by the relevant key performance indicators. The latter include
parameters such as high specific capacity, capacity retention, coulombic effi-
ciency and suppressed lithium dendrite formation, which can be achieved in
high-concentration electrolytes, and make them interesting candidates for
application.™®*®

The reported particularly high lithium transference numbers in high-
concentration electrolytes are generally attributed to a change in the lithium
transport mechanism due to ionic aggregates. However, distinct differences
regarding the dominant transport mechanism are reported, dependent on the
used conducting salts and solvents. On the one hand, Borodin et al. showed
a nano-heterogeneity in an aqueous electrolyte, with relatively immobile anion-
rich domains and aqueous Li'-conducting percolating channels.® On the other
hand, Dokko et al. and Nakanishi et al. reported an enhanced t; for sulfolane-
based electrolytes, postulating an ion-hopping mechanism supported by
a chain-like lithium ion coordination of the anions and sulfolane molecules.*** A
similar mechanism was proposed by Kondou et al. for two keto-ester-based
systems, which are also able to act as bridging ligands similar to sulfolane.
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However, when methyl levulinate (ML) was used as the solvent, this transport
mechanism was not observed, but rather a less effective vehicular transport, since
ML coordinates lithium bidentate, in contrast to sulfolane.** Finally, Self et al.
studied a propylene carbonate-based electrolyte containing two different lithium
salts. They found that ion hopping and ligand exchange take place in the system,
too. However, vehicular transport still exists and is strongly dependent on the
conducting salt used. Therefore, the vehicular transport mostly accounts for the
efficiency of the ion transport.”” Overall, these examples show that the ion
transport mechanism strongly depends on the coordination properties of the
used conducting salt and solvent molecules.

In 2013, Suo et al. published an article in which, in contrast to the systems
discussed above, an electrolyte comprising two different ethereal solvents,
namely 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL), is used.' As the
conducting salt, they used lithium bis(trifluoromethanesulfonyl)imide (LiTFSI).
Additionally, they defined Solvent-in-Salt (SiS) electrolytes as a class of
concentrated salt solutions, in which the salt-to-solvent ratio by volume and/or
mass exceeds unity.'>* In this region, they also reported surprisingly high ¢; up
to 0.73. Raman studies showed strong lithium-anion clustering, which led to the
suggestion that the observed high lithium transference number is caused by “Li-
ion exchange between aggregated ion pairs and solvent molecules”, assuming
a Li transport similar to the mechanism in poly(ethylene oxide) (PEO).*
However, the role of the two different solvent molecules, and consequently
the exact transport mechanism, is not yet fully understood. Since the above
discussed articles clearly show that the lithium transport mechanism in highly
concentrated liquid electrolytes strongly depends on the coordination
properties of the used components, it is crucial to investigate the bi-solvent
electrolyte formulation reported by Suo et al.*® in more detail.

In this work, a concentration series of LiTFSI dissolved in a 1:1 (vol:vol)
mixture of DME and DOL at molal concentrations ranging from 1-7 M, according
to Suo et al.,” is investigated. The aim is to gain a deeper understanding of the
mechanisms causing the reported highly efficient lithium transport. Therefore,
electrophoretic NMR (eNMR) is applied, which is a versatile technique for the
direct determination of a molecule's drift velocity in an electric field.>**® The
species-selective transport behavior of all molecular components is analyzed
based on the Li" coordination environment, as characterized by various spec-
troscopic methods. Additionally, molecular dynamics (MD) simulations are per-
formed and compared to the experimental results. From the obtained results,
a model description of the average first coordination shell of lithium, dependent
on the conducting salt concentration, is derived. In particular, the mobilities
obtained from eNMR exhibit a positive mobility of the neutral species DME in the
SiS domain, which exceeds the mobility of Li'. Combined with the observed
exclusive bidentate coordination of DME in contrast to the bridging ligands DOL
and TFSI', this suggests a heterogeneous lithium coordination, with conse-
quences for transport: lithium cations containing DME in their coordination
exhibit larger drift velocities as compared to cations coordinated only by anions
and DOL, since the latter are more strongly coordinated to neighboring cations at
high salt concentrations. Therefore, these results serve as an explanation for the
reported high ¢; values.
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Experimental
Materials and sample preparation

The conducting salt lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, Sigma-
Aldrich, 99%, dried at 100 °C under high vacuum overnight) was dissolved in
a 1:1 mixture, by volume, of the solvents 1,3-dioxolane (DOL, Sigma-Aldrich,
99.8%, anhydrous, with ~75 ppm BHT as an inhibitor, used as received) and
1,2-dimethoxyethane (DME, Sigma-Aldrich, >99.5%, anhydrous, used as
received). Samples with molal conducting salt concentrations (see eqn (S1)T)
between 1 and 7 mol L™ were prepared and handled in a glove box under an
argon atmosphere. The corresponding molar LiTFSI concentrations and oxygen-
to-lithium ratios were determined via density measurements (Rudolph Research
Analytical DDM 2910) at 26.5 °C and are given in Table S1 in the ESL.{

NMR experiments

All NMR experiments for the nuclei 'H, “Li, and '°F, except electrophoretic
mobility measurements and some diffusion measurements taken at 30 °C, were
conducted at 26.5 °C on a Magritek Spinsolve spectrometer operating at 60 MHz

'H frequency and providing magnetic field gradients up to 0.16 T m™".

Spin relaxation

The longitudinal spin relaxation time T; was obtained by performing inversion
recovery experiments.”® Employing the Carr-Purcell-Meiboom-Gill (CPMG)
experiment, the transversal relaxation time T, was determined, using a delay t
between 180° pulses of 1 ms.”””® The maximal delay was adjusted to the respective
nucleus and sample ("H: 1 to 3 s; °F: 2 to 5 s; "Li: 2 to 25 s).

PFG-NMR diffusion

The self-diffusion coefficients D were determined via pulsed field gradient (PFG)
NMR using the pulsed gradient stimulated echo sequence.” For each sample and
investigated nucleus, the pulse duration and maximal gradient strength were
adjusted and the observation time 4 was set to 100 ms. Additionally, the
measurements were reproduced using a shorter 4 of 50 ms to exclude convection
artefacts. Diffusion experiments were conducted at 26.5 °C at 60 MHz and at 30 °C
at 400 MHz in combination with the electrophoretic experiments; see below.

Electrophoretic NMR (eNMR)

Electrophoretic mobilities u were determined by employing eNMR, using a 400
MHz Bruker Avance III HD spectrometer and a sample holder with electrodes, as
described previously.** A double stimulated echo pulse sequence was employed
for convection compensation,*® where the electric field is inverted in between the
second and third magnetic field gradient pulse.** A recycle delay of 60 s between
scans allows for dissipation of heat generated by Joule heating. The observation
time was 100 ms, the gradient pulse durations were 1 ms ("H and "°F) and 3 ms
("Li), and the temperature was T = 30 °C. The gradient strength was kept constant
during the experiment at a value chosen appropriately for each sample and
nucleus, in order to achieve a high phase shift while maintaining a reasonable
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signal-to-noise ratio. In each experiment, the applied voltage was incremented
from low to high values with an alternating sign of the first pulse. The resulting
eNMR spectra were evaluated via an approximation by phase-sensitive Lorentzian
profiles, as described previously.®> In the fitting procedure, the phases of 'H
resonances corresponding to the same molecule were set to equal values. The
voltage-dependent phase shift ¢ — ¢, was determined as the difference between
the determined phase angle at a given voltage and the phase angle at 0 V. The
phase shift is linearly dependent on the gyromagnetic ratio vy, the magnetic field
gradient strength G and duration d, the observation time between the encoding
and decoding gradient pulses 4, the electrophoretic mobility u, and the applied
electric field E, which is given by the applied voltage divided by the electrode
distance d. In contrast to battery cell experiments, polarization effects can be
neglected due to the short electric field pulses, and the full potential applies to the
sample; see also the consistency with impedance data in the ESI, Fig. S1.7

U
¢ — o =v04Gu— &Y

The electrophoretic mobility was determined from a linear approximation
according to eqn (1). Three independent measurements on different samples are
performed for each sample and nucleus and the resulting mobilities averaged.

Impedance spectroscopy

All impedance spectroscopy (IS) measurements were conducted at 30 °C using
a frequency analyzer (Novocontrol Alpha, Montabaur, Germany), and an in-house-
built symmetrical sample cell made of white copper with gold-coated electrodes.
Each experiment was conducted with a voltage amplitude of 10 mV. The
conductivity of each respective electrolyte was determined from the dc plateau
under the assumption of a sample cell behavior described by the Randles circuit
in the absence of faradaic reactions.*

Raman spectroscopy

Raman spectra were taken on a MultiRAM FT-Raman spectrometer (Bruker,
Ettlingen). The laser had a wavelength of 1064 nm and a power of 263 mW. The
samples were measured in an NMR tube with a resolution of 1 cm ™" in the range
of 30-3600 cm™'. Raman bands for vibrations of TFSI~ (~445 cm™ '), DME
(~840 cm ™), and DOL (~940 cm ') were baseline-corrected and deconvoluted
using the software OPUS 8.5 (Bruker). Deconvolution yields two, three, or three
peaks, respectively, each a combination of 40% Gauss and 60% Lorenz line
shapes. The peaks were assigned to resonances for uncoordinated and coordi-
nated TFSI", DME and DOL, respectively. Their respective integrals, Acoora and
Afree, were employed to calculate the coordinated fraction, feoora, according to
a procedure described earlier, which assumes equal Raman scattering coefficients
of the free and coordinated species.***

Acoord (2)

fCoord‘Raman =
Al‘ree + Acoord
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MD simulations

The MD simulations were run using the software package GROMACS (version
2019.3)*® with the OPLS-AA force field*” for the solvents and the CL&P force
field***° for the ions. The evaluation was performed using routines written in
Python 3.7.2 based on the MDAnalysis package.**" Initially, a cubic simulation
box with about 1000 molecules was generated by means of PACKMOL (version
20.010).** After this initialization, a relaxation run was produced at 426.85 °C
for 10 ns. The equilibration was performed at the target temperature 26.5 °C for
100 ns. The simulation time of the final production run was 1 ps. The simu-
lations were run for four compositions with molal concentrations of 1 M, 3 M,
5 M, and 7 M. To implicitly include polarization effects, the partial charges of
the ions were scaled by a factor of 0.8, as reported elsewhere for similar

43,44

systems.

Results and discussion

Li salt/DOL/DME electrolyte formulations are investigated over a wide range of
concentrations, spanning the transition from Salt-in-Solvent to Solvent-in-Salt.
First of all, transport measurements highlight the specific features of ion trans-
port in Solvent-in-Salt electrolytes. To assess the transport of all constituent
species, we performed species-selective NMR transport measurements. To
distinguish between the different NMR-active nuclei of the electrolyte systems,
they are labelled as illustrated in Scheme 1.

Diffusion and spin relaxation

In the range from 1 to 7 mol L, the self-diffusion coefficients D for the cations,
anions, and solvent molecules are obtained via PFG-NMR (Fig. 1a). For all species,
D decreases with increasing conducting salt concentration. This can be mainly
interpreted as an overall decrease in system dynamics, which is very common for
electrolytes.**® Moreover, over the whole concentration range, one observes equal
diffusion coefficients of Li" and TFSI_. Whether this equality is a coincidence, or
whether it suggests correlated diffusion of Li* and TFSI™ in the form of ion pairs,
can be judged by calculating the ionicity. The ionicity, or inverse Haven ratio
Hy ', is obtained from eqn (3), where ¢ corresponds to the ionic conductivity
measured via IS, and oyng is the ionic conductivity estimated from the self-
diffusion coefficients using the Nernst-Einstein equation (eqn (4)) with the
charge number z;, the concentration c;, and the self-diffusion coefficient D; of the
ionic species, as well as the temperature 7, the Faraday constant F and the gas
constant R.

B o
Hy'= — 3)
ONE
Li* Li Hy DpoLl
H5Co N
QNP o€ 0&0 CH 0)<O
DT d K T ovEz  H~(
F F H 4 H DboL2

Scheme 1 Molecular structures and labelling of investigated nuclei in *H, ”Li and *°F NMR.
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Fig. 1 (a) Self-diffusion coefficients D of the investigated species obtained via PFG-NMR
dependent on the molal salt concentration. (b) Ratios of the R; relaxation rates of the
solvent protons. The dashed lines in both graphs serve as a guide to the eye, and the
vertical dotted lines result from a model-based interpretation, marking different regimes
of the lithium coordination shell.
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The conductivity data from IS are shown in the ESI, Fig. S1a,} and largely agree
with earlier data from Suo et al.'® The values for ong are substantially larger (see
comparison in Fig. S1at), and consequently the ionicities are low, in the range of
0.2 to 0.3 (see ESI, Fig. S1bt). These low values highlight the non-ideality of the
electrolyte, exhibiting a low dissociation degree and strong ion correlations.

While the self-diffusion coefficients of both ions are almost identical, distinct
differences can be noticed in the diffusion of the solvent molecules. Fig. 1a shows
that Dpyg is more strongly affected by an increasing amount of salt than Dpor, and
approaches the values of the ions at high conducting salt concentrations. This is
not the case for DOL, where Dpo;, exceeds Dy; by the same factor, irrespective of
salt concentration. Therefore, DME seems to coordinate to Li* rather than DOL,
leading to a smaller fraction of free DME molecules, and a higher similarity in the
diffusion coefficients of DME and the ions.
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The assumption of a preferred coordination of Li* cations by DME molecules is
evaluated by analyzing the spin-lattice relaxation rates R; of the protons of the
two solvent molecules. First of all, the spin-lattice and spin-spin relaxation rates,
R, and R,, of all species in the electrolyte system increase with an increasing salt
concentration due to the generally slowed down dynamics. These trends are
shown and explained in more detail in the ESI (see Fig. S21). However, by
investigating the ratio of the relaxation rates R, of the protons of the two different
solvent species (see Fig. 1b for the protons DME1 and DOL1 according to Scheme
1), the influence of the general effect of slowed down dynamics is eliminated,
such that variations in the local coordination environment of the solvent mole-
cules can be identified.

With values from 1.6 to 3.0, the ratio does not vary strongly over the whole
conducting salt concentration range, while the relaxation rates vary by an order of
magnitude. This confirms that concentration-dependent variations in the overall
system dynamics are largely compensated by forming the ratio. Nevertheless,
a maximum around bgy = 4 mol L™ is detected, which can be attributed to
changes in the local dynamics of the individual solvent species with salt addition.
We note that the system is in motional narrowing (see the identity of the R; and R,
values of the same protons in Fig. S2b,T where an increase in R, indicates reduced
local dynamics). Thus, at moderate conducting salt concentrations, the DME local
dynamics is more strongly reduced compared to that of DOL, while at conducting
salt concentrations higher than 4.8 M, the dynamics of DOL is more affected. The
considered electrolyte formulations with conducting salt concentrations
exceeding 4.8 M fulfill the definition of a SiS electrolyte; therefore this concen-
tration represents the starting point of the SiS region. Thus, again these trends
indicate that at moderate conducting salt concentrations, DME coordinates Li"
rather than DOL, while DOL starts to participate in the coordination shell of the
cation in the SiS region, leading to a stronger increase in its relaxation rate
R; por1- This coordination preference will be the basis of a later introduced sto-
chiometric model; see below.

Electrophoretic mobilities

To characterize the migration of each of the molecular species in an electric field,
eNMR is applied. In the case of "H eNMR, a deconvolution of the partially over-
lapping DOL and DME resonances with their respective phase shifts is required,
which is performed according to a previously established procedure.** Repre-
sentative spectra are given in the ESI, Fig. S3.7 The electrophoretic mobilities u
obtained from 'H, Li and *°F eNMR according to eqn (1) are shown in Fig. 2a.
Conducting salt concentrations lower than 3 M are not measurable due to DOL
polymerization in the electric field. The mobilities of the anion are negative over
the whole conducting salt concentration range, which corresponds to a drift
towards the positive electrode, while the opposite sign applies for the cation. This
is in line with expectations, as well as the decrease in the absolute values of the
mobility with increasing conducting salt concentration, similar to the self-
diffusion coefficients in Fig. 1a.

Regarding the solvents DME and DOL, a mobility of zero is measured for DOL
at the lowest salt concentration of by, = 3 mol L™ ", as expected for a neutral
species. However, for DME we observed a positive mobility, which is regarded as
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Fig.2 (a) Electrophoretic mobilities u of Li*, TFSI~, DME, and DOL, determined via “Li, *°F,
and 'H eNMR, dependent on the molal conducting salt concentration bgy. (b) DME/Li and
DOL/Li electrophoretic mobility ratios ui/u; dependent on the molal conducting salt
concentration bg,:. The dashed lines in both graphs serve as a guide to the eye, and the
vertical dotted line results from a model-based interpretation, marking different regimes
of the lithium coordination shell.

identical to uy; within the observed error, leading to the assumption that DME not
only coordinates the lithium cations, but even forms cationic clusters, so-called
dynamic clusters, which form the cationic species migrating in the electric
field. A migration of neutral species in an electric field was previously observed for
solvate ionic liquids, where glyme-Li" complexes are sufficiently long-lived to
constitute the migrating species.” A similar migration of DME with Li" can be
concluded here. For higher conducting salt concentrations, upo; also turns
positive, implying that some of the DOL molecules coordinate and migrate with
the cations. This is the case from b = 5 mol L™ onwards and confirms the onset of
DOL coordination to Li" in the SiS domain.

Interestingly for conducting salt concentrations in the SiS region, the mobility
of DME is even higher than the mobility of lithium; see inset in Fig. 2a. This
observation is unexpected, and implies that the neutral species DME migrates on
average faster in the electric field than the lithium cation. The solvent-to-lithium
mobility ratios increasing with conducting salt concentration, depicted in Fig. 2b,
illustrate this clearly, with a transition of upme/ur; values smaller than one to
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values larger than one in the SiS concentration region. Furthermore, Fig. 2b
shows that with increasing conducting salt concentration, not only the DME but
also the DOL mobility increases in relation to that of lithium. However, it does not
exceed one and thus, it is likely that there is still a fraction of free and not
migrating DOL molecules reducing the average mobility of this species compared
to the cation.

Transference numbers

The lithium transference numbers determined by eNMR and obtained from eqn
(5), tenmr, and the transport number t,,, obtained from diffusion NMR and
calculated using eqn (6) are shown in Fig. 3.

M .
fenMR = —— 2 (5)
MLi — MTFSI
Dy
fapy = 6
PP Dii + Drrsi (©)

They are compared to ¢, the transference number obtained by Suo et al.* via
potentiostatic measurements under anion blocking conditions. It is important to
note that the three different transport coefficients describe different phenomena
and properties of the electrolyte formulation. While ¢.nmr describes the fraction
of charge transport associated with species containing the “Li nucleus in relation
to the total conductivity of the solution, the transport number t,,,, is an approx-
imation of the transference number, assuming fully dissociated electrolytes and
neglecting ion correlations. For moderate conducting salt concentrations,
between 1 and 4 M, the transference number ¢.xvr €quals the transport number

094~ ® "ty (D,26.5°C) |
-m- t, . (ENMR,30°C) -
081 _a- tahe (Suoetal., 25°C): e
074 A= o AT
= Yy i
o6 % :
’ . / “ . .

: ‘s’ - _ -9
051 4 @ X e -7 1
&———48 - : ]
04{ ? : :
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03 T T T T T T T T T T T

Fig. 3 Lithium transference numbers dependent on the molal conducting salt concen-
tration bgy: determined via diffusion NMR, eNMR, and potentiostatic current measure-
ments by Suo et al.*® The dashed lines serve as a guide to the eye, and the vertical dotted
lines result from a model-based interpretation marking different regimes of the lithium
coordination shell.
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tapp Of 0.5. However, a steep increase is observed for both transference numbers
for electrolytes in the SiS region. This mismatch signifies the relevance of
dynamic correlations for highly concentrated electrolytes in the SiS domain.

On the other hand, the potentiostatic transference number ¢,,. describes the
lithium current under anion blocking conditions in relation to the total current in
the electrolyte, which is in good agreement with ¢.xyvr. We note that an agreement
of type and teymr is Not a general feature, as in concentrated electrolytes both
quantities may differ largely, since they are affected by ion correlations in
a different manner.*®

This difference is given by the dependence of ¢, and t.nmr On the Onsager
coefficients 0., 0,_, and ¢__ where the latter describe the dynamic correlations
between the charged species:*

O+ — 04— 04+ — 04—

4 = = 7
eNME [ +o_— 20’+7 Tion ( )
2 2

[ o

J++_(;) 0++—(;)
tabe = — = — 8
e o to_—20, Oion (8)

Therefore, an agreement of these transference numbers (fapc = fenmr), aS
observed here, implies:

o__=0r0ro,_ =0 9

We calculate the Onsager coefficients from the MD simulation results, which
are discussed further below and used to elucidate the Li* coordination environ-
ment. Since we realized that there are deviations of the absolute values of dynamic
quantities from experimental ones, especially at ultra-high conducting salt
concentrations, we analyze the relative magnitude ¢; normalized to ojon; see
description in the ESI and Fig. S4.t

We indeed find o, _/oj,n, = 0 over the whole concentration range (see Fig. S47),
explaining the peculiar agreement of ¢,,. and f.nmr. The vanishing dynamic
correlation of Li* and the anion implies an effective dynamic decoupling of the Li*
transport from anion transport. The combination with a strong increase in ../
0ion With concentration (see Fig. S41), evidencing a structural Li* transport, yields
a strong increase in the Li* transference number.

From these dynamic findings, first conclusions on the concentration-
dependent Li" coordination environment can be drawn. With a reduction in
the oxygen-to-lithium ratio, the ion coordination and consequently the ion
transport changes to a mechanism favoring lithium. In dilute and moderately
concentrated electrolytes, Li" is migrating jointly with its first coordination shell
consisting of DME molecules, as discussed above, via a vehicular mechanism.
This vehicle is of a similar size to the anion, which might lead to similar drift
velocities and to a transference number of 0.5. With increasing conducting salt
concentration, the DME concentration becomes insufficient to provide a full
coordination of the lithium cations; thus the coordination environment of Li*
becomes heterogeneous, influencing the ion transport. The high lithium trans-
ference number of approximately 0.7 in the SiS region suggests that the
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mechanism of lithium transport is drastically changed, which we will analyze in
detail by studying the coordination environment in the following sections.
Interestingly, this change is accompanied by a transition of the DME/Li mobility
ratio from <1 to >1; see Fig. 2b.

Raman spectra

In order to interpret the concentration-dependent lithium transport mechanisms
based on a stochiometric model for the Li* coordination shell, we first analyze the
local coordination environment of Li* via Raman spectroscopy, chemical shifts in
the NMR spectra of the different molecules, and MD simulations. The vibrational
Raman bands of the anion and of the two solvent molecules are shown in Fig. 4.
The shown spectra are normalized to the molar fraction of salt. In the case of the
anion, depicted in Fig. 4a, the band at around 742 cm ™' is assigned to free or only
loosely coordinating anions, while the increasing band at 747 cm ™" corresponds
to coordinated or even aggregated anions.***3>%*%! Regarding Fig. 4b, the three
bands around 850 cm ™' arise from DME, with the two bands on the left assigned
to free molecules, and the one on the right-hand side to an increasing amount of
coordinated DME molecules.**** Vibrational bands of DOL are observed around
960 cm ', consistent with the grey line for pure DOL in Fig. 4b. The two intense
bands correspond to free DOL molecules. In addition, we observe a small band at
around 910 cm ™, which is increasing with salt concentration. To the best of our
knowledge, this band was not reported earlier and we interpret it here as the
vibration of coordinated DOL molecules. This is reasonable, as on the one hand
a similar band arises for a concentrated electrolyte based on tetrahydrofuran®
and on the other hand this band is increasing with the conducting salt concen-
tration, while the other bands assigned to DOL decrease. Exemplary fits of the
vibrational bands of the three coordinating molecular species are presented in the
ESI (see Fig. S51). In the following section, the fractions of coordinating molecules
feoord,Raman are calculated according to eqn (2) from the deconvoluted spectra.

Average first coordination shell of lithium

In the following, we discuss the first coordination shell of the Li" ions dependent
on the conducting salt concentration, based on the Raman bands, chemical shifts
and coordination numbers obtained from MD simulation results. As all methods
suggest a coordination preference in the order DME > TFSI™ > DOL, we assume

—— b =1molL*
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- 1
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Fig. 4 Stack plot of the Raman spectra of the electrolyte system at different conducting
salt concentrations. Vibration band (a) of the anion and (b) of the two solvent molecules.
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(a) lllustration of the average lithium coordination shell for the introduced model

based on two discussed conditions. (b) Average lithium coordination number N, of the
anion and solvent oxygens (open symbols) as well as the total coordination number (gray
diamonds) from MD simulations. (c) Fraction of coordinating molecules f.oorq for the
different species (TFSI™ black squares, DME green triangles, DOL blue circles) from the
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a model for the average lithium coordination shell dependent on the conducting
salt concentration shown in Fig. 5a, where for dilute and moderately concentrated
electrolytes, Li" is only coordinated by DME molecules. Here, three DME mole-
cules, i.e. 6 oxygens, coordinate one lithium cation, resulting in a lithium coor-
dination number N, = 6. A total coordination number of almost six over the whole
concentration range is indicated by MD simulations; see Fig. 5b. This is in
accordance with literature on different electrolytes, generally reporting a coordi-
nation number of 4-6 oxygens around lithium cations.*** In the high-
concentration region, above a 1.61 M salt concentration, the concentration of
DME is too low to provide an N, of six. Thus, the anions participate in the lithium
coordination. When reaching the ultra-high-concentration SiS region, the stoi-
chiometry of the electrolyte requires a further change in the average lithium
coordination shell, since above by, = 4.80 mol L™ the number of DME and TFSI™
oxygens becomes insufficient to fully coordinate Li". Here, DOL also has to
coordinate to some extent to still achieve N, = 6. Interestingly, this stoichiometric
definition of the SiS region agrees well with the volumetric definition (Vsa1¢/Vsolvent
> 1), and with the onset of the high-transference-number regime; see Fig. 3.

As described, the two limiting concentrations, 1.61 and 4.80 M, divide the
concentration range into three sections, namely moderate, high and ultra-high
concentration (SiS) regions, which are marked in Fig. 5b-d and previous graphs
to ensure a direct comparison to the introduced model.

As already mentioned, Fig. 5b shows the coordination number N, of oxygens in
the proximity of Li’, calculated from the radial distribution function (RDF) ob-
tained from the MD simulations. Next to the total coordination number, the
coordination numbers of the oxygens of the different ligands N, ; are also shown.
They directly translate to the introduced model and are in very good agreement:
both introduced conditions, namely N, = 6 and the coordination preference of
DME > TFSI™ > DOL, are reflected. Fig. 5b shows an average coordination of Li* by
six Opyg in the moderately concentrated region, and for ultra-high conducting
salt concentrations of 7 M in the SiS region, DME and DOL coordinate on
average with one oxygen atom each and TFSI™ with more than three oxygens, just
as the model in Fig. 5a predicts.

However, in contrast to the model in Fig. 5a, DOL already starts to coordinate
lithium at concentrations below the second limiting concentration of 4.80 M. In
addition, Fig. 5b reveals a slightly reduced total N, from 6 to 5.8 with increasing
conducting salt concentration. There might be sterical hindrances in the high-
concentration electrolytes, preventing a local packing with an optimized Li'
coordination. In addition, entropic contributions, overcoming small energy
differences of Li-oxygen interactions, may significantly broaden transitions
between the regimes. Nevertheless, in spite of the simplistic nature of the model,
especially concerning the high-concentration region, it is still providing a suitable

Raman bands (filled symbols) as well as from MD simulations (open symbols) as a function
of the conducting salt concentration. (d) Chemical shift difference Aé referenced to the
chemical shift of the 1 M electrolyte for each investigated NMR signal. Solvent signals are as
explained in Scheme 1. The dashed lines in all graphs serve as a guide to the eye, and the
vertical dotted lines result from the model-based interpretation seen in (a) marking
different regimes of the lithium coordination shell.
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guideline for the changes in the average lithium coordination shell with
increasing conducting salt concentration.

Using the just discussed N, ; values, we calculated the coordinating fractions of
the different coordination sites fooora,mp from the MD simulations results using
eqn (10). Here, n;; describes the total number of lithium cations and Oy, ; the total
number of oxygens of the particular species in the simulation box of a certain
electrolyte formulation.

Neiny

10
Otot,i ( )

fCoord.MD =

The obtained values are shown in Fig. 5¢ and compared to fcoord,ramans
calculated according to eqn (2) and based on the Raman spectra shown in the
previous section.

The experimental results support the introduced model. Of the three Li'-
coordinating molecules, it is DME for which the highest fraction is coordinated,
followed by TFSI™ and then DOL. At high conducting salt concentration, it is
again DME that reaches a plateau, where all DME molecules are coordinating,
again followed by TFSI™ and finally DOL, which both only reach lower maximum
fractions of coordination. The transitions from a homogeneous DME-
coordination (see moderately concentrated region, Fig. 5a) to a mixed DME-
TFSI™ coordination in the high-concentration region, and further to a mixed
coordination involving DOL in the ultra-high-concentration SiS region, are not
very sharp transitions. TFSI™ already starts to coordinate in the moderately
concentrated region and DOL starts to coordinate Li" before the second limiting
concentration is reached, as already discussed.

Moreover, Fig. 5c also shows a qualitatively very good agreement between two
of the used methods, namely Raman measurements and MD simulations, proving
that the MD simulations are a reliable addition to experimental studies. The
deviations between these two techniques can be traced to their respective
uncertainties. While the deconvolution of the Raman bands may contain slight
systematic deviations, the force fields used for the MD simulations describe
polarization effects due to the ions only approximately, leading to deviations from
the real system, especially at ultra-high conducting salt concentrations where
polarization effects play an important role. The same applies for the comparison
of the self-diffusion coefficients calculated from the MD simulations and
measured by PFG-NMR, shown in Fig. S6.7 Despite deviations of the absolute
values in the SiS region, the MD simulations reproduce the experimentally
observed trend quite well, which, in combination with the structural quantities in
Fig. 5, demonstrates that the utilized force field adequately captures the most
important trends of the conducting salt concentration dependence.

Finally, the coordination behavior of the different species can be analyzed
experimentally by evaluating the chemical shift dependent on the conducting salt
concentration, shown in Fig. 5d. Since the chemical shift is dependent on the
electronic environment of a nucleus, changes in this shift, A¢, reflect changes in
the coordination environment. Here, we reference the changes A¢ to the shift in
a molal concentration of 1 M. It has to be noted that lithium and hydrogen nuclei
are dominated by diamagnetic shielding, while fluorine is mostly influenced by
paramagnetic shielding, leading to an opposite shift direction.®® Further, it has to
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be considered that chemical shifts of different nuclei, namely 'H, *°F, and "Li, are
compared. Therefore, the magnitude of the change in d can only be compared for
the two solvent molecules, since both are measured via 'H NMR spectroscopy.
Exemplary stack plots of the NMR spectra for all species are shown in Fig. S7.F

The changes in the chemical shift A¢ shown in Fig. 5d also match the proposed
model. Generally, we observed that the addition of conducting salt causes
a deshielding for all investigated species due to ionic clustering. However, there are
distinct differences for the different coordinating species: at lower salt concentra-
tions, the chemical shift of DME is more strongly affected by an increasing salt
concentration compared to the chemical shift of DOL. Therefore, the condition that
DME coordinates Li" rather than DOL is confirmed. The most drastic changes in
the chemical shifts should occur in the high-concentration region, since, according
to the model, TFSI™ starts to participate in the coordination of Li*, which has
a major impact on the local electronic environment of Li* and all coordinating
species. This is indeed apparent in the highest slope of Ad observed for Li*, TFSI~
and DME in this region. However, Adpoy, also changes before the second limiting
concentration is reached, in agreement with the MD simulations. Therefore, the
evaluation of the chemical shift reproduces this slight deviation from the proposed
model as discussed for Fig. 5b and c. Nevertheless, Adpor, keeps changing above the
second limiting salt concentration 4.80 M, while the A¢ values of the other species
reach plateau values, which is again in agreement with the proposed model. The
local electronic environment of these species and thus their chemical shift does not
change significantly if one coordinating oxygen of DME is on average exchanged
with an oxygen of DOL, as shown in Fig. 5a.

We note, however, that Fig. 5a displays an average coordination environment.
A monomodal coordination of only one oxygen of DME to Li* seems unlikely and
leads to the expectation that the coordination of DME to Li" is occurring with both
oxygens. This is supported by the distribution of molecular coordination
numbers, Ny, ;, shown in Fig. S8,7 where the average number of coordinating DME
molecules, Ny, puE, is approximately half as large as the respective oxygen coor-
dination numbers, N.pwmg, in Fig. 5b. Fig. S8t also demonstrates a certain
heterogeneity of the coordination environment, as the actual molecular coordi-
nation numbers partly differ from the average. This increasing heterogeneity with
increasing conducting salt concentration is also shown in snapshots of the MD
simulation boxes; see Fig. S9.T

In order to support the assumption of this heterogeneity and its consequences
for transport properties, we evaluated the MD simulations in more detail, as
presented in the next section.

Heterogeneity in Li" coordination and its impact on ion transport

In order to obtain insights into the actual 1st coordination shell of lithium and
the deviation from the proposed average model, we evaluated the distribution of
coordination numbers of the oxygen atoms of the different ligands, Opwmg, Opor,
and Orggy, Over the concentration range. The results are shown in Fig. 6a-d for
four conducting salt concentrations. For the anions, the histograms resemble
a normal distribution. Moreover, the histograms show that from a 3 M salt
concentration upwards, about 40% of the lithium cations are no longer coordi-
nated by six oxygens, but by five.
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Fig.6 (a—d) Probability of the number of oxygen atoms in the first coordination shell of Li*
and N, ; (average oxygen coordination number indicated by the colored symbols at the top
of each graph) for the anion (black), DME (green), DOL (blue), and total (gray), for the
conducting salt concentrations: (a) 1 M, (b) 3 M, (c) 5 M, and (d) 7 M. The included snapshots
from the MD simulations show the most frequent coordination shell of Li* for the
respective salt concentration. Lithium cations are in red and the other molecules
according to the colors in the histograms. (e—h) Radial distribution functions g(r) depen-
dent on the distance r to a lithium cation for the oxygen atoms of TFSI™ (black), DME
(green), and DOL (blue) as well as other Li* cations (red) for the conducting salt
concentrations: (e) 1 M, (f) 3 M, (g) 5 M, (h) 7 M.

Interestingly, for DME, in contrast to DOL and TFSI™, only even coordination
numbers are found. Due to its molecular structure, DME is a bidentate ligand and
forms energetically favored chelate complexes with the lithium cation, leading to
the observed even coordination numbers. Even though TFSI™ is a bidentate
ligand too, monodentate coordination is also observed in Fig. 6 for this ligand.
Apparently, sterical hindrance can reduce the energy gain of a bidentate coordi-
nation. Additionally, the histograms in Fig. 6 exhibit, as expected, that the
coordination structure of Li* in the (ultra-)high-concentration electrolytes is
rather heterogeneous and not separated into cations still coordinated only by
DME molecules and cations coordinated by anions and DOL. Similar results are
obtained by analyzing the molecular coordinating number for the different
species, Ny, ;, shown in Fig. S8.F

Since the structural properties in Fig. 5 show a good agreement between MD
simulations and experiments, the radial distribution function (RDF) can be used
to gain information on the global electrolyte structure in addition to the already
discussed first coordination shell of the cations. Fig. 6e-h show the RDFs
dependent on the distance 7 to a lithium cation for the oxygen atoms of the anion
and solvent molecules, as well as the distance to other Li" cations. The first peak
around 0.22 nm refers to the first coordination shell of Li*, which was already
discussed above. However, the RDFs for the (ultra-)high-concentration electro-
lytes exhibit second peaks around 0.44 nm, which are growing with an increasing
amount of conducting salt. Interestingly, a second peak is only observed for DOL
and the anion and not for DME. This confirms that DME coordinates as
a bidentate ligand, such that both oxygens are part of the first peak in the RDF. In
contrast, DOL can only coordinate monodentate due to its ring structure and
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similarly, the bulky TFSI~ anion cannot bind with all four oxygens to the same Li".
Thus, these oxygens occur at a larger distance from the Li" cation and form the
second peak at 0.44 nm, which is rising with increasing conducting salt
concentration due to the increasing amount of TFSI~ and DOL coordinating Li".

Analyzing the probability of certain Li'-Li" distances (red lines in Fig. 6e-h), it
can be noticed that a peak arises at 0.6 nm, which grows with an increasing
amount of conducting salt. This illustrates that for the ultra-high-concentration
system, in which the oxygen-to-Li ratio is decreasing, the TFSI" and DOL mole-
cules in the first coordination shell of a lithium cation directly coordinate a second
Li" with their free oxygen atoms. Thus, these molecules bridge between different
cations, leading to aggregation. However, this bridging behavior is impossible for
DME when coordinating in a bidentate fashion. In conclusion, two different
coordination environments for lithium are possible and according to Fig. 6d most
frequently observed in the SiS domain. On the one hand, there is a coordination
including one DME molecule (i.e. two Opy) next to anions and DOL, and on the
other hand a coordination only by anions and DOL without the oxygens of DME.
Regarding Fig. 6d, the distribution between these two coordination environments
in the 7 M electrolyte is 1: 1, since the probability of counting either zero or two
Opwe in the first coordination shell of lithium is 50%, respectively.

Impact of heterogeneous Li* coordination on Li" transport

With this information about the Li" coordination in mind, conclusions about the
lithium transport mechanisms become feasible. Firstly, all the initially discussed
dynamic properties, namely diffusion, relaxation, and migration, show changes in
the concentration behavior according to the limiting concentrations/concentration
regions based on the introduced model for the average 1st lithium coordination
shell, leading to the assumption that this coordination behavior is also influencing
the lithium transport mechanism. In particular, the experimental results showed that
SiS electrolytes exhibit a high Li" transference number (see Fig. 3); thus the cation is
more mobile than the anion. Additionally, in this SiS concentration region, it turned
out that DME exhibits a faster migration in the electric field than the cation (see
Fig. 2). Considering the apparent exclusive bidentate coordination behavior of DME
in contrast to the bridging properties of DOL and TFSI ™, the experimental results are
rather conclusive. A Li" ion with a coordination shell that contains next to TFSI~ and
DOL also a DME molecule, contains the whole DME molecule and thus is less
affected by bridging to the next coordination shell, i.e. a second Li'. Therefore, Li*
cations in a DME-rich coordination environment can move more freely, dragging
along the DME molecule. In contrast, Li" ions in coordination shells only consisting
of DOL and TFSI" are more subject to bridging and aggregation. This explains why
the cation mobility is in general higher than the anion mobility, resulting in the
observed high lithium transference number. Clear evidence for the impact of the
heterogeneous lithium coordination on transport is given by the fact that the mobility
of the uncharged DME molecule is higher than that of Li* in the SiS region. In view of
the heterogeneous coordination, this peculiar finding can now be explained. At ultra-
high conducting salt concentration, DME is exclusively coordinated to the faster-
migrating Li" species; it thus has a high electrophoretic mobility. The signal of Li",
however, is averaged over DME-coordinated Li" with a high mobility, and Li" in
a TFSI" /DOL coordination environment with a lower mobility, leading to u;; < pme-
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However, all the described effects only exist in the ultra-high-concentration SiS
electrolytes with by, > 4.8 mol L™'. Here, the oxygen-to-cation ratio is so small
that the bridging properties of DOL and TFSI" dominate, which is observed via
the growing Li'-Li" peak in Fig. 6e-h. This peak is observed at conducting salt
concentrations higher than 4.8 M, indicating an aggregated system with the
discussed transport behavior.

Conclusion

To conclude, a broad experimental investigation of the coordination structure in
a bi-solvent electrolyte dependent on the conducting salt concentration, from
moderate to ultra-high concentration, Solvent-in-Salt electrolyte formulations, is
performed and supported by MD simulations. The investigation yielded a basic
model for the average first coordination shell of the lithium cation, leading to
limiting concentrations where the coordination environment changes. These
limits are also reflected in the experimental results. Therefore, changes in the
dynamic properties of the electrolyte, for example the mobility, are explained by
changes in the lithium coordination and thus, lithium transport mechanism.

More precisely, it is found that the preferred coordination number of six
oxygens around Li' is almost reached over the whole concentration region and
that DME coordinates Li" rather than TFSI™ and TFSI™ rather than DOL. In
addition to that, the MD simulations revealed that the TFSI™ and DOL molecules
act as bridging ligands and coordinate more than one lithium cation at once in
the ultra-high-concentration electrolyte due to the low oxygen to Li’ ratio. In
contrast, DME is a bidentate, not bridging, ligand. Thus, this difference in the
coordinating properties of the ligands in combination with the limited avail-
ability of DME molecules separates the lithium coordination environment into
two frequent coordination shells: a coordination shell including one DME
molecule and a coordination without any DME. This explains the finding of
a faster and a slower migrating Li" species. The first one is partly coordinated to
DME, which also explains the unexpected high mobility of DME, and the second
one is only coordinated by TFSI™ and DOL and therefore part of a larger aggregate.

In summary, all these investigations show that merging the properties of two
solvents of different lithium coordination strengths with an ultra-high
conducting salt concentration creates interesting transport phenomena. In
particular, the heterogeneous coordination environment of Li" ions, as high-
lighted here, is responsible for the high lithium transference number, since it
enhances the structural Li* transport in combination with an effective dynamic
decoupling of Li" and anion transport with ¢._/a;,, = 0. In conclusion, electro-
lytes with ultra-high conducting salt concentrations not only offer high perfor-
mance concerning key performance indicators, but also a high ¢;, making them,
in spite of their low ionic conductivity, promising candidates for next generation
battery applications.
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