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The overall performance of lithium batteries remains unmatched to this date. Decades of optimisation have
resulted in long-lasting batteries with high energy density suitable for mobile applications. However, the
electrolytes used at present suffer from low lithium transference numbers, which induces concentration
polarisation and reduces efficiency of charging and discharging. Here we show how targeted
modifications can be used to systematically evolve anion structural motifs which can yield electrolytes
with high transference numbers. Using a multidisciplinary combination of theoretical and experimental

approaches, we screened a large number of anions. Thus, we identified anions which reach lithium
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Accepted 10th April 2024 transference numbers around 0.9, surpassing conventional electrolytes. Specifically, we find that nitrile
groups have a coordination tendency similar to SO, and are capable of inducing the formation of Li*

DOI: 10.1039/d4sc01492h rich clusters. In the bigger picture, we identified a balanced anion/solvent coordination tendency as one

Open Access Article. Published on 11 April 2024. Downloaded on 1/20/2026 6:35:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/chemical-science of the key design parameters.

Introduction

Batteries have become an indispensable part our daily life.
Especially lithium-ion batteries transformed society like few
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other technologies have in the past. The vast majority of mobile
applications such as smartphones, tablets, and electric cars rely
on lithium-ion batteries. However, the development of lithium
ion batteries is far from over, and many problems remain to be
solved."

Battery optimisation is an incredibly complex problem for
two reasons. First, the battery as a final product needs to fulfil
a wide variety of requirements such as safety, energy density,
power density, efficiency, cost, lifetime, etc. Second, from
a design perspective, the battery itself consists of many
components, each of which can be realised in several ways, with
complex interactions and interfaces between them.

One of the key components in a battery is the electrolyte.”
Like other parts of the battery, there are many simultaneous
requirements for an ideal electrolyte, and compromises are
often inevitable. Conventional electrolytes such as Li[PFg]
diluted in organic solvents have a number of disadvantages,
first and foremost limited stability, which in turn presents
a safety hazard in certain cases. Several cases of thermal
runaways of lithium-ion batteries have gained worldwide public
attention.?

Another important requirement of an ideal electrolyte is
a high lithium transference number. The lithium transference
number (t7;) is the proportion of the total (ionic) current which
is due to the movement of lithium cations. Ideally, this number
would be close to unity. In reality, the lithium transference
number of conventional electrolytes is rather low, for example
=~0.07 for 1 M Li[PFs] in EC/DMC.* As a result, a large

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc01492h&domain=pdf&date_stamp=2024-05-11
http://orcid.org/0000-0002-0127-8923
http://orcid.org/0000-0003-4968-1049
http://orcid.org/0000-0001-9600-4708
http://orcid.org/0000-0002-9622-4345
http://orcid.org/0000-0003-4092-6150
http://orcid.org/0000-0002-5299-783X
http://orcid.org/0000-0002-3388-9227
http://orcid.org/0000-0002-4684-5717
https://doi.org/10.1039/d4sc01492h
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc01492h
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015019

Open Access Article. Published on 11 April 2024. Downloaded on 1/20/2026 6:35:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

proportion of the current is lost to the transport of ionic species
other than lithium. Thus, the efficiency of the battery is reduced
significantly, since energy is wasted building up and main-
taining an undesired concentration gradient in the electrolyte
during charging and discharging.

In this work, we will focus on highly concentrated electro-
lytes (HCEs). Compared to conventional electrolytes with a salt
concentration around 1 M, HCEs have much higher salt
concentration usually exceeding 3 M. HCEs have recently
attracted attention as they offer beneficial properties such as
electrochemical and thermal stability, low volatility, reduced
flammability, etc.> The use of HCEs, however, does not guar-
antee high transference numbers, see the two examples in
Fig. 1. The tetraglyme (G4) based HCE shown here exhibits
a transference number as low as 0.03, inferior to conventional
electrolytes.’® Replacing tetraglyme as a solvent with sulfolane
(SL) increases the transference number significantly, with the
ionic current now being dominated by the lithium cations.™

The high transference number of many sulfolane based
electrolytes has been qualitatively rationalised with the forma-
tion of lithium network structures bridged by sulfolane and
anion molecules, resulting in an efficient hopping conduction
mechanism of the lithium cations.”™* Neat sulfolane itself is
long known to crystallise into a plastic phase near room
temperature,'® and the rotational freedom of sulfolane in sul-
folane based HCEs is likely related to the high lithium
mobility." This prevalence of hopping conduction in sulfolane
as solvent compared to the vehicular mechanism often
observed in carbonates or glymes is what led us to choose sul-
folane as the main solvent for this study.”'”*® Even the very
small monoglyme (G1), in which vehicular transport is less
pronounced compared to G4, leads to transference numbers
much lower than those of sulfolane in HCEs (e.g. t.;+ = 0.35 for
[Li(G1),][TENTH]).
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Fig. 1 Two typical HCEs with very different lithium transference
numbers.t*
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In HCEs, it is necessary to consider correlations between
ions to develop a quantitative understanding of lithium trans-
port. Simple models such as the Nernst-Einstein relation,
neglecting ion correlations, fail when the concentration of ions
becomes high. Thus, in systems such as ionic liquids and HCEs,
cross correlations must be considered, see the section ‘ion
correlations’ for more details.**?°

In order to quantify the drift velocity of single constituents of
an electrolyte and their respective dynamic correlations, elec-
trophoretic NMR (eNMR) has entered the field of concentrated
electrolytes.””* Here, the electrophoretic mobility of each
species can be determined directly. To this end, the sample is
subjected to an external electric field pulse and the migration of
cation, anion, and solvent is observed. The method is not
new,”>** but application to concentrated electrolytes requires
a dedicated experimental setup and special procedures.”>* A
key finding was the direct detection of vehicular Li transport in
net negatively charged clusters in salt-in-ionic liquid systems, as
the observed lithium drift direction occurs against the electric
field.>**®* Meanwhile, in the field of electrolyte development,
eNMR has been recently used to great success, and has proven
to be a highly relevant and powerful method.**-** In particular, it
gives valuable information to understand ion-ion dynamic
correlations and to obtain Onsager coefficients, as demon-
strated for solvate electrolytes.’***

The impact of battery materials on health and environment
has recently gained attention as additional design constraint. In
particular, it is desirable to avoid the use of fluorinated elec-
trolytes which have the potential to become persistent
pollutants.**** Fluorination is a widely employed strategy to
improve electrolyte properties, and the battery chemistry is
often designed for fluorinated electrolytes.*® Hence, such
a critical change to the electrolyte composition will also require
a redesign of other battery components and will require several
iterations of optimisation.

The design of a battery or even just one component cannot
be achieved in just one step. Instead, it is often necessary to
follow an iterative, evolutionary approach similar to the genetic
algorithm which has been successfully applied to optimisation
problems in other fields. Thus, in each iteration, a given pop-
ulation of candidates is modified and their performance eval-
uated. The iterative optimisation of complex systems is key in
physical chemistry. The reason for this is not just the complexity
of exploring chemical space, but also that usually new knowl-
edge is gained in each iteration, for example new structure—
property relationships. This new knowledge helps to heuristi-
cally select a better population in the next iteration. It is
furthermore important to keep successful building blocks/
design elements while also introducing entirely new ones to
efficiently explore the optimisation space. In a sense, the recent
trend towards environmentally more benign electrolytes is akin
to a change in the performance evaluation (fitness function).

In this work, we follow the philosophy of an iterative opti-
misation by applying targeted modifications to an established
HCE. A targeted modification is a small, deliberate change in
the molecular structure of a chemical system.*® This change is
deliberate in the sense that confounding variables are
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Fig.2 Schematic depiction of the tiered approach used in this manuscript. In each tier, the most interesting and promising systems are studied
with a more sophisticated method in the next tier, reducing the number of anions by half. The combined results allow detailed insight into
complex phenomena such as ion association and are used to suggest electrolyte systems for the next generation.

minimised. Our focus is put on changes to the anion. For
example, we investigate nitrile functionalised anions such as
[TfNCN]™ and partly fluorinated anions such as [TfNMs] ™ or
[TfNAc]~. However, it will follow naturally from our observa-
tions that changes to the solvent are also necessary. Hence, we
also present a small number of novel HCE systems with unusual
salt-solvent combinations to help guide future iterations of the
evolution of electrolytes.

Results and discussions
Outline and screening of suitable anions

In this work, we chose a tiered approach which enabled us to
assess many potential HCEs, Fig. 2. First, we performed an in
silico screening of anions by means of ab initio simulations.
Interesting candidates were then synthesised and investigated
experimentally using small scale tests such as solubility and
performance in a symmetric Li||Li coin cell. Finally, a selection
of HCEs emerging from the preliminary screening were studied
in detail using more sophisticated techniques such as eNMR
and MD simulation.

The initial selection of ions was chosen using targeted
modifications of the bis(trifluoromethylsulfonyl)imide [TfNTf]~
anion, Fig. 3. This weakly coordinating anion is also known as
bistriflimide, [NTf,], TFSI, or TFSA and is commonly used in
concentrated electrolytes.** Here we chose abbreviations which
highlight the modifications, see also the nomenclature overview
in the ESI, Section 1.1 Previous studies on Onsager coefficients
suggest that very high transference numbers exceeding 0.7
should be possible if cation-anion correlation were to be
increased starting from [TfNTf]" based electrolytes and

7344 | Chem. Sci, 2024, 15, 7342-7358

sulfolane as solvent.'»* This design requirement was the
rationale for choosing anions like [TfN301]™ or [TfNCN]~ with
coordination sites that can interact with lithium, but also
anions of general higher basicity and coordination ability such
as [TfNMs]™ or [TfNAc]~ due to their lower degree of
fluorination.

Most of the anions shown in Fig. 3 have been studied
previously from the perspective of conformational flexibility.*
We define conformational flexibility as the capability of
a molecule to easily change its shape. In other words, a flexible
system has many thermally accessible minimum energy struc-
tures that are significantly different in terms of their shape and
separated by small energy barriers. For [TfNTf] ", the relevant
mode is rotation around the two N-S bonds, ie. the re-
orientation of the side chains. It is important to consider
conformational flexibility since this is one of the key con-
founding variables which might impact transport properties.
[TfNFs]~ and [TfNTf]" are of similar flexibility, differing only in
their symmetry.} The half-fluorinated [TfNAc] ™ is, like [TENTf] ",
a very flexible anion. [TfNMs]™ is intermediate as rotation is
only energetically feasible for one of the two N-S bonds. In
contrast, [TfCHT{] ™ and [5¢PFSI| ™ are rigid, non-flexible anions.
The direct comparison of [TfNCN]™ and [TfN301]™ in terms of
flexibility is not possible due to their different backbone struc-
ture. However, the corresponding rotational energy barrier is
relatively low for [TENCN], see ESI Section 16.%

The stabilisation energy AE¢,, gives a first approxima-
tion of how favourable the complex formation is between
a given anion and Li*. The stabilisation energies for the Li*-
anion pairs in this work range from approximately
—170 keal mol " to —110 kcal mol™*, Fig. 4 and ESI Section

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Examples of targeted modifications of the [TfNTf]~ anion used in this work. The parts which stem from the parent compound [TfNTf]~ are
highlighted in green, the modified parts leading to new structures are highlighted in orange.

16.1 Comparing [TfNTf]" with [TfNMs] and [MsNMs] , containing nitrile groups shown in Fig. 4. However, the
anion fluorination tentatively yields complexes which stabilisation energy fails to capture the differences between
dissociate easily. This generally desired effect is also evident anions such as [TfNTf]", [TfNCN]~, and [TfN301]", as will
comparing the pairs of fluorinated/non-fluorinated anions be discussed below.
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Fig. 4 Stabilisation energy of different Li*-anion pairs in the gas phase. Anions which are not considered targeted modifications of [TfNTf] ™ are
also shown for context within the spectrum of currently used anions for electrolytes.
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(a) Energy definitions in this work. For some ions such as Li[TfN30O1] ", the deformation energy includes a change in conformation, see also

the corresponding geometry from the experimental crystal structure shown as CPK model. H atoms were omitted in the geometry from the
crystal structure. The red part includes the energies associated with solvating the ions and the ion pair from the gas phase, respectively. (b)
Surface area histogram of the electrostatic potential for the isolated anions.

The stabilisation energies in Fig. 4 were calculated in the
gas phase. In principle, solvation can be included as shown
in Fig. 5a. This aspect is explored in the ESI Section 16.3.F
Solvation was found to not significantly affect the qualitative
conclusions drawn based on the stabilisation energy in this
work. However, some of the changes in the presence of
a solvent model are worth noting. For example, the most
dissociative anion becomes [(SO,CN)N(SO,CN)] " rather than
[TfC(CN),], and [BF,]  is found to be similar to the weakly
coordinating [TfNFs]™ (rather than [OTf]” without solvent
model).

For the experimental study, we selected the highlighted
anions in Fig. 4 to cover a range of stabilisation energies. In the
electrolyte, a more negative stabilisation energy of Li-anion
pairs is expected to lead to increased cation-anion correla-
tions. For electrolyte systems such as [Li(SL),][TfNTf], this in
turn is expected to lead to increased lithium transference
numbers.”** Some anions were ruled out due to issues with
stability, or accessibility. For example, partially hydrogenated
anions have shown interesting properties, but are at present
prohibitively expensive and difficult to access.**** Similarly,
[(SO,CN)N(SO,CN)]™ is promising as a non-fluorinated weakly
coordinating anion, but remains inaccessible synthetically to
the best of our knowledge.***

One of the key limiting factors we encountered when
studying the sulfolane based HCEs is solubility. Both at our
desired molar ratio of salt:solvent of 1:2 and the less concen-
trated 1: 3, the salts Li[6¢cPFSI], Li[5cPFSI], Li[TfN301], Li[TfN5],
Li[MsNMs], and Li[MsC(CN),] turned out to be insoluble or at
least not fully miscible at 30 °C. A straightforward solution
would be a change of solvent. For example, tetraglyme G4 can
saturate the coordination environment of Li* with weakly
coordinating anions like [TfNTf] ", leading to solvate (or chelate)
ionic liquids.**** Such a solvent might be more suitable for
some of the salts/anions.

7346 | Chem. Sci, 2024, 15, 7342-7358

The solubility problems especially of Li[TfN301] can be
rationalised with the coordination geometry of lithium, which
is incorporated into a favourable 6 membered ring, Fig. 5a.
Indeed, we were able to grow crystals both from sulfolane and
tetraglyme as solvents, without the solvent participating in the
coordination of Li* in the single crystal X-ray structure. In these
structures every lithium atom is coordinated by three anions
and vice versa, two of the anions coordinating via SO, oxygens
and one anion chelating. The strong interaction specifically for
Li[TfN301] is consistent with the high melting point of this salt
reported in the literature (256 °C), especially compared to the
analogous potassium salt K[TfN301] which was reported to
melt at 51 °C.>*** A possible strategy to use such salts would be
a change of solvent, including polymers such as PEO.****

A drawback of the stabilisation energy is that it is based only
on a single geometry, steric and entropic effects are largely
neglected. Similarly, the stabilisation energy as presented here
does not take into account the denticity and steric demand of
the ligands. The [TfN301]™ anion has a very high stabilisation
energy, however only two [TfN301]™ anions are sufficient to
fully saturate a lithium cation. The low steric demand of some
anions leaves room for additional anions or solvent molecules
to coordinate to one central lithium cation, thus further
lowering the energy.

The [TENCN] ™ anion is particularly interesting in this regard.
It has been reported that coordination of lithium cations by the
nitrile group are competitive to coordination by SO, groups.***
Nurnberg et al. studied mixtures of aprotic ionic liquids and Li
[TfNCN], and obtained properties consistent with structural
diffusion/lithium ion hopping at high salt loading.>® At first
sight this is in contrast to our ab initio simulations, which
revealed that the lowest energy structure in Li[TfNTf] and also Li
[TEINCN] involves bidentate coordination of lithium by SO,
groups. However, the monodentate -CN---Li coordination
energy is not much lower, see ESI Section 16.t

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Why does [TfNCN]~ coordinate stronger to lithium cations
than [TfNTf]", despite the similar stabilisation energy? First,
there is a higher density of coordinating sites relative to the
surface to the anion, since the -CF; groups are essentially inert.
Second, the interaction between these coordinating sites and
Li" is mostly electrostatic, as expected intuitively and confirmed
via SAPT2+ and NBO calculations, ¢f. ESI Section 16.t Lastly, the
critical aspect of the Li---anion interaction in these two anions
is accessibility. To this end, Fig. 5b shows a histogram of the
surface area of four anions with a certain value of the electro-
static potential (“sigma profile”, ¢f. ESI Section 16t). Areas of
negative electrostatic potential are relevant for the interaction
with cations such as Li*. While the surface of the [TfNTf]” anion
has parts with very negative electrostatic potential around
—110 kecal mol ™, the actual area of these surfaces is small. In
contrast, a significant proportion of the surface of [TENCN]™ has
an electrostatic potential in this range. Thus, using the elec-
trostatic potential energy surface rather than the stabilisation
energy, the [TfNCN]  anion is more similar to the half-
fluorinated [TfNMs]™ anion, and the [TfNTf]™ anion is more
similar to the methanide anion [TfC(CN),] .

Physicochemical characterisation

Syntheses and comprehensive physicochemical measurements
of new HCEs are extremely time consuming, especially if the
required lithium salts or precursors are not available commer-
cially. To accommodate for these issues, we chose initial
experimental screening methods which use small amounts of
sample, specifically differential scanning calorimetry (DSC, as
little as 10 pL electrolyte) and coin cell measurements (<0.3 mL
electrolyte for three repeats). The required Li-Li symmetric coin
cells and DSC pans can be assembled in a glovebox with rela-
tively little effort. The potentiostatic polarisation experiment on
a Li||Li coin cell yields the lithium transference numbers which
we aimed to optimise. Other indicators of general battery
performance such as stability towards lithium metal and bulk
resistance can also be inferred from impedance measurements
on the same cell.

Fig. 6 shows the current-time curve from a potentiostatic
polarisation experiment on two HCEs, [Li(SL),][TfNCN] and
[Li(SL),]|TfNTf]. During the experiment, a constant potential
(=‘potentiostatic’) is applied, and a small current passes
through the cell. The electrodes are non-blocking towards
lithium. The anions generally do not react (=‘anion blocking’)
but still contribute to the (initial) current, resulting in a salt
concentration gradient (=‘polarisation’). In Fig. 6, after
~60 min steady state is reached. Thus, the anion migration is
balanced by salt diffusion, and the current is exclusively due to
Li" transport including diffusion. The ratio of steady state and
initial (bulk) current gives the lithium transference number, cf.
ESI Section 7.1 Hence, a flat curve with little change from the
initial current is preferable. While this method has some limi-
tations, it is an invaluable tool to quantify lithium
transference.***** The full list of transference numbers
measured as part of this work can be found in the ESIT (Section
7) together with their definitions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Current as a function of time during a typical potentiostatic
polarisation experiment. The initial currents are different due to the
different conductivity, curves have been shifted to better illustrate the
differences in asymptotic behaviour. The insert shows an exploded
view drawing of the symmetric Li||Li coin cell used for the potentio-
static polarisation experiment.

Key physicochemical properties are summarised in Table 1,
see ESIt for details. For the sake of simplicity, we only discuss
lithium transference in terms of ¢ .. which showed good
agreement with ¢/7. and ¢F. For these samples, we also deter-
mined the electrical conductivity ¢ and the viscosity 7. In
general, high conductivity is desirable for good battery perfor-
mance (together with a high transference number). Low
viscosities facilitate handling of the electrolytes. In addition,
viscosity is anticorrelated with dynamics, i.e. systems with low
viscosity usually show fast ion diffusion and high conductivity.
It is often observed empirically that transference and conduc-
tivity are anticorrelated.® This rule of thumb also applies to the
samples in this work, Fig. 7.

Within the different fully fluorinated anions, the observed
transference number showed little variation. The electric
conductivity shows a small, expected dependence on size and
substitution symmetry. Comparing [Li(SL),|[TfNTf] with the

Table1 Overview of key physicochemical properties for a selection of
electrolytes used in this work. Unless otherwise mentioned, ‘lithium
transference’ refers to t-F

QLit
tszI,)Lﬁ Te/°C ***°/mol L™ ¢/mScem™ n/mPas

[Li(SL),][TENTf]  0.67(2) —74 2.97 0.42 (ref. 13) 616
[Li(SL),][TfCHTf] 0.69(2) —74 2.30 0.442 352
[Li(SL),][TfNFs]  0.60(1) —78 3.24 0.668 355
[Li(SL),][PfNFs]  0.630(5) —76 2.9 0.554 485
[Li(SL),][TENCN]  0.95(4) —43 ~0.006

[Li(SL),][TENCN] 0.83(2) —72 3.43 0.173 1215
[Li(SL),,][TfNCN] 0.82(1) —-75 3.22 790
[Li(SL),..][TENCN] 0.79(2) —79 3.03 530
[Li(SL);][TENCN]  0.69(2) —85 2.59 0.461 235
[Li(SL),][TfNMs] 0.87(3) —63 3.17 0.132 1962
[Li(SL),][TfNAC] ~ 0.89(2) —68 3.24 0.101 600
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Fig. 7 Trade-off between lithium transference number ¢ .. and

electrical conductivity o. The error bars of the conductivity obtained
from multiple repeats for [Li(SL),I[TFNCNI, [Li(SL),I[TfNACc], and [Li(SL),]
[TfNMs] are smaller than the size of the symbols.

‘asymmetric’ [Li(SL),][PfNFs], which have the same molecular
weight, [Li(SL),][PfNFs] has a 32% higher conductivity. Simi-
larly, comparing the two ‘asymmetric’ HCEs [Li(SL),][PfNFs]
and [Li(SL),][TfNFs], the conductivity of the smaller [Li(SL),]
[TfNFs] is higher by 21%. While the difference is small and
comes at a cost of a reduced transference number, the fluo-
rosulfonyl motif (-SO,F, abbreviated as ‘Fs’) has the advantages
of in general better solid electrolyte interphase (SEI) formation
and potentially a shorter lifetime if leaked into the
environment.®

The influence of conformational flexibility is best discussed
using the example of [Li(SL);][TfCHTf]. The key difference
between the otherwise extremely similar anions [TfCHTf]™ and
[TfNTf]” is conformational flexibility, with [TfCHTf]  being
rigid and [TINTf]™ being flexible. LiiTfCHTf] did not dissolve in
sulfolane in the salt : solvent ratio 1: 2 at ambient conditions. It
does, however, form a homogeneous solution at slightly
elevated temperature which remains supercooled for days to
weeks at 30 °C. Although we could not obtain a crystal structure
of sufficient quality for publication using the crystals formed
from the supercooled phase, a preliminary analysis suggested
a solvent ratio in the crystal of 1: 1. A rather high transference
number of 0.78 was measured for supercooled [Li(SL),]
[TfCHTf], however partial crystallisation during ageing cannot
be ruled out. Interestingly, [Li(SL);][TfCHTf] and [Li(SL),]
[TfNTf] have virtually identical ¢’ .., Tg and o despite the
higher salt concentration and 1.8 times higher viscosity of
[Li(SL), || TENTL].

The HCE [Li(SL),][TfNCN] showed a high transference
number of 0.83, a significant improvement compared to [Li(SL),]
[TENTf], however with a higher viscosity and thus lower
conductivity. The viscosity (and, thus, conductivity) can be tuned
with the solvent content. At a salt : solvent ratio of 1 : 3, [Li(SL)3]
[TfNCN] has the same transference number as [Li(SL);][TfCHTI]
and [Li(SL),|[TENTf], but a significantly lower TG and viscosity.
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An extraordinarily high transference number of 0.95 could be
obtained when increasing the salt:solvent ratio to 1:1. In
contrast to [Li(SL),][TfCHT{], we did not observe any crystal-
lisation over the course of months for samples of [Li(SL),]
[TENCN]. While this demonstrates the excellent plasticising
properties of this asymmetrically substituted nitrile functional-
ised anion, it comes at the expense of fluidity. [Li(SL) [TINCN] is
so viscous that handling at ambient temperature is severely
limited, and the measured conductivity was on the order of
uScm™

High transference numbers approaching 0.90 were found for
the two HCEs based on half fluorinated anions, [Li(SL),][TfNMs]
and [Li(SL),][TfNAc]. However, the conductivity of these two
HCEs was even lower than that of [Li(SL),][TfNCN]. For [Li(SL),]
[TfNMs], this is not surprising since this was the sample with
the highest observed viscosity in Table 1. In contrast, [Li(SL),]
[TfNAc] has a viscosity just below that of [Li(SL),][TfNTf], hence
the conductivity is lower than what would be expected from
a simple hydrodynamic model.

Dynamics slow down exponentially approaching a glass
transition T, hence the proximity to T affects transport
properties. The Angell plot, Fig. 8a, compensates for this effect,
allowing for a ‘fair’ comparison of systems with different glass
transition temperatures. In some cases, the qualitative order
changes. For example, we included the completely non-
fluorinated electrolyte [Li(DMSO);][MsNMs] in Fig. 8a. In the
Angell plot, [Li(DMSO);][MsNMs] has a lower viscosity than for
example [Li(SL);][TfCHTf], even though this is not the case
when comparing at the same temperature (the viscosity of
[Li(DMSO);][MsNMs] is 25% higher at 30 °C). Hence, factors
which affect the glass temperature are critical when designing
better non-fluorinated electrolytes which can compete with
existing fluorinated systems.

The Angell plot is also valuable when comparing the fluori-
nated HCEs to each other. For example, the conductivity of
[Li(SL);][TfNCN] (0.461 mS em ") is 1.7 times higher than that
of [Li(SL),][TfNCN] (0.172 mS cm ') at 30 °C. To account for the
indirect effect of dilution on the glass transition, we also
measured the electrical conductivity of [Li(SL);][TfNCN] at
11.3 °C, and obtained a value of 0.199 mS cm '. At this
temperature, the ratio Tg/T is the same as for [Li(SL),][TfNCN] at
30 °C, and the difference in conductivity becomes much
smaller.

More broadly, when comparing the different samples shown
in the Angell plot, it is clear that with this ‘correction’ the curves
for [Li(SL),][TfNTf], [Li(SL),][TfNMs], and [Li(SL);][TfNCN]
essentially coincide. For these samples, we recorded DMTA
spectra (dynamic mechanical thermal analysis, see ESIT Section
4 for details) to gain more insight into the structural relaxation
related to viscous flow. In addition, we performed DMTA
experiments also on [Li(SL),][TfNFs] as an ‘asymmetric’ fully
fluorinated anion, on the HCE [Li(SL),][TfNCN], and on neat
sulfolane.

The DMTA results are summarised in Fig. 8b, details can be
found in the ESL,{ Section 4. At low temperature, all samples
display a narrow peak (between —90 and —40 °C) due to the
glass transition. Besides this peak, a distinct thermally activated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8

peak was observed only for [Li(SL),][TENCN], [Li(SL);][TENCN],
and [Li(SL),][TfNTf]. For [Li(SL),][TfNFs] a relaxation also occurs
but too close to the glass transition to be clearly detected, while
for [Li(SL),][TfNMs] a broad, low intensity relaxation is
discernible against the background. [Li(SL),][TfNTf] showed
a broad relaxation, which could be fitted with a two-site hopping
model (without energy difference between the two sites) and
using a Vogel-Fulcher-Tammann dependence for the relaxa-
tion time. The obtained activation energy and Vogel-Fulcher-
Tammann parameters are similar to those reported from
diffusion data in the literature.®” The relaxation time parameter
7o is in the order of 10 ns, which indicates large relaxing units or
diffusive motion. These observations are consistent with strong
coupling between cation, anion, and sulfolane. Critically,
despite the effect on macroscopic properties in general, the
influence of conformational flexibility of the anion could not be
detected with this analysis. The reason for this is likely the
simultaneous presence of conformational flexibility with large
scale relaxing units, in line with the observed broad thermally
activated peak.

The two HCEs with the [TfNCN]™ anion, [Li(SL),|[TfNCN]
and [Li(SL);][TNCN], showed similar behaviour to [Li(SL),]
[TENTf], but with more well defined thermally activated peaks.
However, for [Li(SL);][TfNCN], the thermally activated peak is
shifted towards lower temperature, in agreement with the
conclusions drawn from the Angell plot. For both samples, the
relaxation peak was analysed with the same model used for
[Li(SL),][TfNT{], and the obtained parameters further confirmed
that the mechanism giving rise to the peak involves large
relaxing units or is the signature of diffusive motion.

Neat sulfolane shows no thermally activated peak due to the
high melting point, which we confirmed experimentally. Simi-
larly, for [Li(SL),][TfNMs] and especially [Li(SL),][TfNFs], no
thermally activated structural relaxation process was clearly

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Angell plot of a selection of electrolytes in this work. (b) DMTA results (loss tangent) for the cooling curve at a frequency of 5 Hz.

resolved in the spectrum. For [Li(SL),][TfNFs], only a shoulder is
observed near the glass transition. This behaviour is consistent
with a lower activation energy in this system and, thus, the
lower symmetry of the structure and negligible activation
volume for conformational reorganisation of the fluorosulfonyl
group. In the case of [Li(SL),][TfNMs], the behaviour is more
complex, with several apparent overlapping relaxation
processes.

Conductivity and viscosity are collective macroscopic prop-
erties. In order to gain insight into the relative (diffusive)
mobility of specific ions, we also measured diffusion coeffi-
cients via pulsed field gradient stimulated echo (PFGSTE) NMR
diffusometry, Table 2. Here, we do not observe significant
correlation  between the NMR derived quantities
(Dyi+ /Dsulfolane: Dy /Danion, tr1<) and t¢f ;.. Especially ¢7¢ is
often used due to its simplicity, but it is known to be a poor
descriptor of lithium transference due to the presence of
correlated ion motion,*!"2%29:32646869

The electrolyte [Li(SL),][TfNAc] stands out as having the
lowest lithium diffusivity relative to both solvent and anion, and
consequently also the lowest ¢ ... The diffusion coefficients of
cation and anion in [Li(SL),|[TfNAc]| are virtually identical
within experimental error. For comparison, for the [Li(SL)x]
[TNTf] system, Dy;i+ = Danion iS reached only for a salt: solvent
ratio of 1:8." [Li(SL),][TfNAc] also exhibited one of the lowest
conductivities with 0.101 mS ecm™". In contrast, the viscosity was
relatively low as well, comparable to [Li(SL),|[TfNTf], ¢f. Table 1
and Fig. 8a. The low conductivity and lithium mobility despite
the low viscosity suggests that ion aggregation — and thus
a lower degree of dissociation - plays a role in this case.

Table 2 reveals an important difference between [Li(SL),]
[TfNCN] and [Li(SL);][TINCN]. On one hand, in [Li(SL)s]
[TfNCN], the lithium cation is significantly less diffusive than
sulfolane, in fact the sulfolane diffusivity in this sample is the

Chem. Sci., 2024, 15, 7342-7358 | 7349


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc01492h

Open Access Article. Published on 11 April 2024. Downloaded on 1/20/2026 6:35:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

Table2 Self-diffusion coefficients and derived quantities from the PFGSTE measurements. The values where an experimental error is given were
obtained from quadruple measurements from independent samples in two separate research groups

Self-diffusion D/10** m?* s~ *

Derived quantities

o . Dy Dy _ & PEG
Sample name Sulfolane Lithium Anion Dautfolanc Danion D_ I
[Li(SL),][TfNCN] 1.64(2) 1.71(8) 1.03(3) 1.04(5) 1.65(9) 0.62(1)
[Li(SL);][TfNCN] 8.51 5.79 4.23 0.68 1.37 0.58
[Li(SL),][TfNMs] 1.15(1) 1.30(3) 0.71(1) 1.14(3) 1.84(5) 0.65(1)
[Li(SL),][TfNFs] 4.98 6.84 4.46 1.37 1.53 0.61
[Li(SL),][TfNTS]" 2.9 3.5 2.2 1.21 1.59 0.61
[Li(SL),][PfNFs] 3.91 4.71 3.64 1.20 1.29 0.56
[Li(SL);][TfCHTH] 6.61 4.75 3.46 0.72 1.37 0.58
[Li(SL), || TfNACc] 4.23(14) 1.80(19) 1.59(2) 0.42(5) 1.13(12) 0.53(3)

highest of those shown in Table 2. This indicates a significant
amount of free sulfolane in the case of [Li(SL);][TINCN] and
a decoupling of ion and solvent motion. Interestingly, on the
other hand, the Dy +/Danion ratio is much lower than in the more
concentrated [Li(SL),][TfNCN]. Hence, there appears to be
a unique transport mechanism for lithium cations which
becomes relevant when transitioning from the medium
concentrated electrolyte [Li(SL);][TfNCN] to the HCE [Li(SL),]
[TfNCN] (and [Li(SL),][TfNCN]), explaining the unusually high
transference number in the HCEs. We investigated this unique
transport mechanism by means of Molecular Dynamics
simulation.

An interesting aspect of HCEs is the high electrode potential
of lithium metal in the presence of such electrolytes, which has
been rationalised with the decreasing activity of the solvent
since almost all solvent molecules are involved in lithium ion
coordination.”®”* Here, we observed that the electrode potential
(at comparable salt concentration) increased in the order
[Li(SL),|[TfNAc] < [Li(SL),][TfNMs] < [Li(SL),|[TENCN]. This

cation contribution o, =
sel isti
ol f 4 gdistinct _

trend is in excellent agreement with the HCE character of
[Li(SL),][TfNCN] observed in the other physicochemical
measurements. Similarly, the relatively low electrode potential
of lithium metal in [Li(SL),][TfNAc] further supports a signifi-
cant degree of association as postulated above.

Ion correlations

The total ionic conductivity ¢ can be calculated from the
displacement vectors AR; of the charge carriers in three
dimensions, which in turn can be used to define a charge
diffusion coefficient D,, eqn (1).*>7

;v(zwz))

Here, p is the number density of ions, z the charge, e the
elementary charge, k the Boltzmann constant, 7 the thermo-
dynamic temperature, N the number of ions. The total ionic
conductivity ¢ can then be separated into cation contributions

)
_pre d

22
pzle

im— =

kT 1—=dt

kT —°

(1)

anion contribution o_ =
o‘felf + O.ill_stmct

++ 04— — 04—
o S N7 s N
: O.Eli_iitinct : e — ; O.distinct :
3 . @ : 04— — 04 ¢ 4 () - 1
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Fig. 9 Schematic depiction of different contributions to the ionic conductivity.
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g, and anion contributions ¢_, which in turn can be split into
self terms (5" and ¢°'f) and cross terms (g9t gdistinet and
o._), Fig. 9. We follow the definitions used by Vargas-Barbosa
and Roling for the latter five terms.” The corresponding diffu-
sion coefficients can be defined for each term via Einstein
relations similar to the one in eqn (1) or via the corresponding
Green-Kubo relations. A variety of equivalent approaches exist,
and the reader
details‘19,65,72,73

It is important to note that Fig. 9 is oversimplified. In reality,
cross correlations can arise from attractive interactions, leading
to correlated motion of constituents, and an often dominant
contribution is given by the limitation of density fluctuations in
an incompressible liquid. The latter gives rise to strong anti-
correlations, as the volume flux of one species has to be
compensated by an opposite flux of other species.” Thus, for
example, a positive o, should not be interpreted as signature
of ion pairing without further scrutiny.

The cross correlation terms are also often referred to as
Onsager coefficients in the literature. They can be obtained
experimentally as described in the literature and in the ESILT
Section 13 and have been used successfully to understand ion-

is referred to the literature for more
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4] [Li(SL),JITANCN] ]
124 EEHH Nernst-Einstein (D,, D)
1.0 [ Dsar o, o0 dAg/din(c)
5l 08 U u; (via eNMR) ]
2 1
T 0.6 ]
£ ]
g 0.4—- a)
5 0.2
© ]
5 0.0+
-0.2 4
-0.4 -
-0.6 T T T T T
C) 0_ielf Gie” (ilftmct c(_il_stlnct o,
2.4 4 T T T T
2.2 [Li(SL),J[TfNAC] ]
2.0 S ]
18] EHH Nernst-Einstein (D,, D)) ]
12 ] [_1Dsap o, tor, dad/din(e) 7

1, (via eNMR)

o/c,, (normalised)
o
(=2}
1

T T
(52 Etlnct 69 Ttlnct

T T
0.?’elf GEe]f

[

olo,, (normalised)

View Article Online

Chemical Science

ion dynamic correlations.'®" However, the Onsager coefficients
as presented here are only valid for a three constituent — two
component system.§ Other cases should be treated with
caution, such as mixtures of solvents, mixtures of salts, or when
other additives are present.**”

Based on the physicochemical characterisation, we chose the
three HCEs [Li(SL),][TfNCN], [Li(SL),][TfNAc], and [Li(SL),]
[TfNMs] for a more thorough investigation of ion correlations by
means of Onsager coefficients (described in detail in the ESI
Section 13t). First, the ‘classic’ approach was employed to
derive Onsager coefficients from electrochemical measure-
ments, i.e., Dgy, d Ap/dInc, and tgf’Li,. Second, by measuring
the electrophoretic mobility via eNMR, the coefficients were
directly obtained. In both cases, diffusion coefficients are
required as well.

The results are presented in Fig. 10. All contributions are
normalised by the total ionic conductivity. In this work, we
focused on obtaining reliable data including realistic error bars
considering propagation of uncertainty from all relevant
experimental sources. Importantly, the (distinct) Onsager coef-
ficients we obtained with the two approaches are identical
within experimental error. The large uncertainty in the values of

4] [Li(SL),][TINMs] )
1.2 ] Nernst-Einstein (D,, D))
1.0 ] Dsa © tgfi» dAg/din(c) -
0.8—- U, (via eNMR) ]
0.6 e
0.4 b)
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Fig. 10 Onsager coefficients for (a) [Li(SL)>I[TFNCNI, (b) [Li(SL),][TfNMs], and (c) [Li(SL),I[TfNAC]. (d) correlation between tffu. ,a,and 3. The values
for [Li(SL)I[TFNTf] and [Li(G4)]I[TfNTT] (three points) were taken from the literature 101132
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[Li(SL),][TfNAc] likely arises from inconsistencies across our
independently synthesised samples, since issues with the
measurements themselves would not yield such excellent
agreement between the two methods. This observation shows
the importance of repeated measurements involving samples
synthesised independently from different batches of starting
materials.

The self-contribution of the lithium cation ¢5¢

fis larger than
the total ionic conductivity, ie. /600 > 1, in all cases. This
high mobility of Li" is desirable for battery applications. The
overall low ionic conductivity in spite of the high lithium
mobility arises from the cross-contributions, with all of the
distinct terms reducing the overall ionic conductivity. The
balance between self and cross contributions is characteristic of
HCEs and explains the general trend of high lithium trans-
ference number and low conductivity (¢f. Fig. 7).

The large normalised Onsager coefficients for [Li(SL),]
[TfNAc] (observe the different scale of Fig. 10c) have to be
considered in view of the low ionic conductivity and need to be
interpreted with the low Dy ;+/Dsyifolane and Dyi+/Danion in mind.
However, the normalised Onsager coefficients we observed for
[Li(SL),][TfNAc] are still small compared to the highly associ-
ated [Li(G3)][TFA], for which o, _/oion = 69 has been reported.*>

It is important to not overinterpret the ‘negative’ impact of
o™, since even o°f = ¢3! + ¢°!f is relatively small, between
0.234(5) mS em ™" for [Li(SL),[TfNMs] and 0.40(2) mS cm ™" for
[Li(SL),][TfNAc]. For comparison, the conductivity of 1 M Li[PF]
in ethylene carbonate/propylene carbonate as a conventional
electrolyte is 13 mS cm™".? Hence, regarding the balance of ion
correlations in HCEs, the beneficial impact on transference is
much more significant than the detrimental impact on
conductivity. In order to further improve HCEs in the future, it
is thus reasonable to focus on ways of increasing the dynamics.
For example, by engineering electrolytes with lower viscosity
and/or glass transition temperatures.

The complex balance of ion correlations can be studied
using the parameters a and § as defined in eqn (2) and (3),
respectively.* The lithium transference number depends on the
values of these two parameters, which makes them a valuable
tool for understanding highly correlated systems such as
HCEs.*'"*>7¢ The relation between lithium transference, «, and
@ is visualised with the contour plot in Fig. 10d.

o= T g T @)
[ o [ o
20,
g=——""= 3)
O p +0__

Each two-component electrolyte can be represented by
a point in Fig. 10d. The green area enclosed with a dashed line
in the top right corresponds to combinations of « and § which
lead to the desired high values of lithium transference near
unity. In contrast, systems with low lithium transference -
which thus suffer from concentration polarisation - are found
in the blue area. The error bars in this representation are large,
which explains the considerable spread of the literature values
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of [Li(G4)][TNTf]. Thus, it is critical for the discussion of such
data to include an assessment of uncertainty. The two methods
used here again agree well within experimental error, see the «,
@ pairs obtained via eNMR in the ESI Section 121 (not shown in
Fig. 10d for clarity).

Two limiting cases are interesting when discussing Fig. 10d.
Generally, in a binary ionic liquid in the barycentric reference
frame, all cation-anion motion must be anticorrelated.*® The
same holds for a volume-based reference frame, which is valid
for incompressible electrolytes in a sample cell.”* On one hand,
due to the low volume of the lithium cation compared to the
anions in this work, the expected behaviour when neglecting Li
volume and interaction with anions in the absence of solvent
would be « = 1 and 8 = 0.”777® On the other hand, electrolytes
with strongly associated cations and anions should approach
«a = 0.5 and § = 1.” The three HCEs studied in this work cover
the range between those two limiting cases, with the 8 param-
eter increasing in the order [Li(SL),][TfNMs] < [Li(SL),][TfNCN]
< [Li(SL),][TfNAc]. In the same order, alpha decreases. Thus,
with the systems shown in Fig. 10d, a wide spectrum of more or
less associated HCEs covering the «, 8 space are now available.

The trends of « and 8 mentioned in the previous paragraph
can be rationalised in terms of ion association. In general, anion
fluorination is correlated with less associated salts. The inter-
pretation of the § parameter as a measure of “ion association”
would thus explain the positive § values in this work, since we
used anions with reduced fluorine content. Similarly, the nega-
tive cation-anion correlations reported in the literature were
observed for [TENTf] based HCEs with a higher fluorine content
and thus reduced ion association."* Importantly, this direct
comparison only works since the anions have an otherwise very
similar structure, e.g. comparing [Li(SL),|[TfNTf] and [Li(SL),]
[TfNMs] shows the expected influence of anion fluorination. If
the solvent or anion structure is changed then this direct
comparison is no longer meaningful. For example, very strongly
associated ions have been reported for [Li(G3)][TFA], despite the
fully fluorinated anion (¢f. Fig. 4). Similarly, [Li(SL),][TfNAc] is
very similar to [Li(SL),][TfNMs], with one sulfonyl group formally
replaced by carbonyl, leading again to a slight increase in ion
association despite having the same degree of fluorination.

Importantly, there have been studies pointing out potential
issues of the potentiostatic polarisation method with strongly
associated systems.” However, these studies are based on the
assumption that ‘association’ takes place in form of ion pairing,
ie. an equilibrium Li* + X~ = LiX. The validity of this
assumption is questionable in the case of an HCE, where
virtually every ion is interacting closely with more than one
counterion. This problem is resembling the discussion of ‘ion
pairs’ in the ionic liquids community, which has been largely
disproven and replaced by more general terms like ion associ-
ation or clustering.®***

The transference numbers from eNMR tfi_ and the poten-
tiostatic polarisation experiment ¢ .. lie in a similar range for
[Li(SL),][TfNCN] and [Li(SL),][TfNMs], see Table 3. We note here
that, due to their different definitions and measurement in
different experimental conditions, these two numbers do not
generally agree, in particular they depend on ¢, _ in a different

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of &', and tffw
[Li(SL),][TENCN] [Li(SL),][TfNMs] [Li(SL),][TfNAC]
it 0.83(2) 0.87(3) 0.89(2)
[g” : 0.69(6) 0.85(5) 0.63(25)
o 0.77(5) 0.82(5) 0.64(11)

“ predicted from /*? .. ? Measured via eNMR.

QLit"

way, see ESIT section 13. For [Li(SL),|[TfNAc], the transference
number from eNMR is lower, which is the result of a large
positive value of o, . In contrast, for [Li(G4)][TfNTf], Pfeifer
et al. observed much higher transference numbers from eNMR
(¢, = 0.58(11)) compared to those measured under anion
blocking conditions (tiE’f =0.03(1)).** In all four systems, o,
and o__ are positive, and the apparent discrepancies can be
resolved considering o, _, eqn (4). In the case of [Li(G4)][T{NTf],
7. < 0, hence ¢ .. <t... For the more associated [Li(SL),]
[TfNAc], 7. becomes positive with o, _ <o __, hence ¢y ., <t..

QL
This is also the case for [Li(SL),][TfNCN] and [Li(SL),][TfNMs],

however o, _ is considerably smaller and hence ¢} .. = t/'..
2
(04-)
(PP gy —
oLt g__ @)
I+ Orp — 04
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Table 3 also shows the transference number ¢, calculated
with the Onsager coefficients from ¢/, ... Thus, if eqn (4) is
accounted for, the transference numbers agree within experi-
mental error. This excellent agreement across various methods
is reassuring, especially since the Bruce-Vincent approach was
originally developed for polymer systems with various strict
assumptions such as the absence of convection.

Importantly, very high " .. are often observed for highly
associated salts under anion blocking conditions. However, in
these cases, the high cation transference might be misleading
due to the significant contribution from the diffusion of neutral
species. Hence, studies of highly associated salts such as
[Li(G3)][TFA] strongly benefit from the use of complementary
methods such as eNMR, as already shown in some studies of

glyme systems.**?

Specific interactions in TENCN based electrolytes

The results from our screening, the previously reported inter-
esting properties, and the promising ¢ .. warrant a detailed
investigation of the interactions in [Li(SL),][TfNCN].***” Thus,
we have performed fully atomistic polarisable MD simulations,
which generally yield reliable information about coordination
environments.

There are 14 unique atomic sites in [Li(SL),|[TfNCN], hence
the liquid structure of this HCE is defined by 104 pair distri-
bution functions. The radical Voronoi tessellation implemented
in the Travis software package offers a simple way of identifying

Probability b)

1.0

Lithium coordination
in [Li(SL),]J[TINCN]
08 neighbours n, = 4.11

06 26%

Nitrile (N)
51%

0.4 S0, (0)

[TINCN]

Sulfolane
0.0

WwFE L $F O PO T O 0T
(&) T é T
[TINCN]™ = Sulfolane

Fig. 11

(a) Voronoi neighbourhood probability matrix. Rows are reference atoms; the columns are the neighbours. (b) Relative contributions to

the first coordination shell of lithium atoms obtained from the number integral at the position of the first minimum in the atom—-atom radial

distribution functions.
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those pair interactions which are relevant.®® The resulting
intermolecular neighbourhood matrix is shown in Fig. 11a. The
matrix is asymmetric, since for example a lithium atom can
have four sulfolane oxygen atoms as neighbours, while it is
improbable for a sulfolane oxygen atom to have four lithium
atoms as neighbours.

Fig. 11a reveals a high probability for a given lithium atom to
be coordinated by a nitrile group, followed by the oxygen atoms
of the SO, groups in both the solvent and the anion.q A more

detailed analysis based on the corresponding radial
16 T T T T T T T T T
1 i —— [LiSL,J[TfNCN]
R NP L —— [LISL,J[TINT] T

-
N
1

-
o
1

o
o
1

radial distribution function g(r)
o o
E (o]
1 1

o
)
1

o
o

0o 1 2 3 4 5 6 7 8 9 10
Distance / A

Fig. 12 The radial distribution function of lithium - lithium atoms for
[Li(SL),ITENCNI] and [Li(SL),I[TENTS].
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distribution functions and number integrals revealed the
contributions of these atoms to the lithium coordination envi-
ronment shown in Fig. 11b. Hence, the average tendency to
coordinate Li" of one nitrile group is identical to that of one SO,
group. Thus, effectively sulfolane and [TfNCN]~ each contribute
half to the solvation of lithium cations, despite the higher
concentration of sulfolane.

It has been suggested that, for HCEs, every ion interacts with
multiple counterions. A simple statistical analysis shows that
~70% of lithium cations are indeed coordinated by two anions
or more. Conversely, there are also anions which coordinate
more than one lithium cation. The latter case is visible as close
contacts in the Li*---Li" radial distribution function, Fig. 12. The
peak at 4.6 A corresponds to a single sulfonyl group coordi-
nating two lithium cations. The sulfonyl group can be part of
the sulfolane or the anion, hence this peak is very pronounced
for [Li(SL),][TfNTf]. In contrast, the nitrile group in [Li(SL),]
[TfNCN] is capable of bridging two lithium cations, leading to
a peak at 2.7 A.

The formation of anion-induced Li*---Li" clusters in [Li(SL),]
[TEINCN] is consistent with complementary analyses of the
trajectory, ¢f ESI Section 17.7 The interesting solvation envi-
ronment in these clusters can be seen in Fig. 13. The clusters
were randomly selected from the middle of the trajectory using
the maximum of the first peak in Fig. 12 as distance criterion.
The presence of lithium sites in such close proximity suggests
that lithium hopping might be enhanced in the vicinity of the
nitrile group. We thus suggest that the formation of such
clusters might contribute to the high lithium transference
number in [Li(SL),][TENCN].

Fig. 13 Bridging coordination patterns found in the MD simulation of [Li(SL),][TfNCN], (a) involving two anions and (b) involving one anion and
one sulfolane molecule. Lithium atoms are shown in purple. For each lithium atom, the four close contacts to the coordination partners are
highlighted in red. Coordinating molecules not participating in bridging coordination are shown as ghosts. The colour code for the other atoms is
blue — nitrogen, grey — carbon, yellow — sulphur, red — oxygen, green — fluorine.
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Fig. 14 Potential targeted modifications of [Li(SL),][TfNCN].

A similar study on [Li(G4)x][TfNTf] revealed three concen-
tration regimes, with the HCE regime starting at a molality of
~m > 4.5 mol kg ".* Beyond this threshold, the authors
observed the formation of (negatively charged) anion rich
clusters.*® For comparison, the molality of [Li(SL),][TfNCN] is
slightly lower than this threshold (m = 4.2 mol kg ). Never-
theless, we observed pronounced clustering and the character-
istic behaviour of HCEs. Critically, the clustering in [Li(SL),]
[TfNCN] appears to be cation-rich, which is preferable to facil-
itate lithium ion transport. Similar Li" clusters have been re-
ported in a very recent study on a Water-in-Salt electrolyte, in
which water molecules were bridging the lithium cations rather
than the anion.*” An interesting system to explore would thus be
a Water-in-Salt electrolyte containing the [TfNCN]™ anion to
further enhance Li" cluster formation.

What should the next generation look
like?

The optimisation of lithium battery electrolytes is far from
being over, especially considering environmental aspects. Based
on our results, we briefly discuss interesting targeted modifi-
cations to be considered for future studies. Starting from
[Li(SL),][TfNCN], systematic changes can be made to the anion
or the solvent, Fig. 14.

One of the most interesting variations of [TINCN]™ is the
methanide anion [TfC(CN),], which was the most dissociative
anion based on the gas phase stabilisation energy, with
a surface electrostatic potential distribution similar to the
successful [TfNTf]” anion. At the same time, the two nitrile
groups in close proximity might be beneficial in promoting
lithium clustering or lithium hopping along extended chain
networks.

The [TfNCN]™ anion is likely persistent in the environment
due to the presence of the CF; group. An alternative at least on
paper would be [FSNCN] ™, at the cost of a more challenging
synthesis and unknown stability. Such seemingly minor
changes can have a major impact on other properties such as

© 2024 The Author(s). Published by the Royal Society of Chemistry

cycling stability and need to be considered in the bigger
picture.®®

A similar alternative to [TfNCN]~ would be completely non-
fluorinated anions such as [MsNCN]~ or [MsC(CN),]". A wide
variety of e.g. (RSO,)x(CN);_xCH acids are known already from
different context.** Non-fluorinated imide-based anions gave
promising results but also showed that the solvents likely need
to be optimised too, as the commonly used solvents were
naturally optimised for fully fluorinated anions.*® For example,
the nitrile functionalised (fluorinated and non-fluorinated)
imidazolate anions previously investigated by Scheers et al.
could be revisited to study their suitability for use in HCEs.”

Considering the solvent, the most straightforward param-
eter is the salt:solvent ratio. Within the HCE regime, this
ratio can be changed to optimise the trade-off between
lithium transference and conductivity. The environmental
aspects of course also apply to the solvent, with a recent trend
towards fluorine free solvents.*® New approaches in this
respect are for example the use of siloxane-based®” or Water-
in-Salt** electrolytes.

The most important factor to consider is the balance of
solvent and anion in terms of their interaction with lithium
cations. In this work, we explored this balance from the
viewpoint of the anion (keeping the same solvent). Zhou
et al. recently published similar findings from the viewpoint
of the solvent (keeping the same anion) using a very different
methodology. In line with this, previous studies have found
that coordination environments can change drastically
when only the anion, solvent polarity, or solvent content is
changed in a given system without adjusting the other
components.”»®**** Thus, salts such as Li[MsNCN], Li
[MsC(CN),], or even LiiMsNMs] might be useable, but will
require changes to the solvent as well, even if just for solu-
bility reasons.

Conclusions

We screened a large number of anions that are potentially
suitable for lithium battery electrolytes with high lithium

Chem. Sci., 2024,15, 7342-7358 | 7355
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transference number. A variety of different theoretical and
experimental approaches was employed to appropriately cover
the complex interactions commonly found in HCEs. The anions
were compared in terms of stabilisation energy, specific inter-
actions with Li', degree of fluorination, flexibility, viscous flow
near the glass transition, structural relaxation, ion aggregation,
HCE/LCE behaviour, dynamic ion correlations, statistical liquid
structure and cluster formation. Among the many investigated
electrolytes with high lithium transference number, we selected
[Li(SL),][TfNMs], [Li(SL),][TfNCN], and [Li(SL),][TfNAc] for
a more detailed study. We discussed the ion association
tendency and its implications on macroscopic and microscopic
properties. The HCE [Li(SL),|[TENCN] showed unique behaviour
which we were able to trace back to a characteristic interaction
between the nitrile group and the lithium cation. Specifically,
the nitrile group is capable of inducing the formation of cation
rich clusters. Sulfolane and [TfNCN]™ each contribute half to
the solvation of lithium cations, despite the higher concentra-
tion of sulfolane. We postulate that, in order to maximise
lithium mobility, the coordination tendency of solvent and
anion should be matched. Lithium hopping might be promoted
by such a balanced choice, since neither of the two coordination
sites is preferred.

Onsager coefficients are usually derived from several error
prone experiments. Thus, one of our central aims in this work
was to provide realistic estimates of experimental uncertainty.
The results show that knowledge of uncertainty in the Onsager
coefficients (and «, 8) is a point which cannot be ignored. For
[Li(SL),][TfNCN], the uncertainty in Dg,; accounted for roughly
85% of the total uncertainty, a large part of which is due to the
assumed uncertainty of 0.01 mm in the separator thickness.
The actual deviations from the nominal separator thickness
might be even larger due to the pressure in the coin cell, hence
methods with well-defined and verifiable electrode separation
are preferable, but not always available.

In a nutshell, there is no perfect anion which works well with
all solvents (and vice versa). The key to success appears to be the
choice of the salt in relation to the solvent.
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volume and are thus more suitable from a perspective of targeted modifications.
We have included this anion in the ESI, however as shown previously for ionic
liquids, the impact of mass is negligible.

§ The three constituents are the cation, the anion, and the solvent species. Cation
and anion cannot separate macroscopically due to electroneutrality restrictions,
thus there are only two components, the salt and the solvent. These two compo-
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