N

N

Strongly vs. weakly associating anions: transport-structure
relationship in LiTFSI-LiNO3 electrolytes
Ervin Rems, Tim Slosar, Sara Drvari¢ Talian, Matej Hus, Robert Dominko,

Alessandra Serva

» To cite this version:

Ervin Rems, Tim Slosar, Sara Drvari¢ Talian, Matej Hus, Robert Dominko, et al.. Strongly vs. weakly asso-
ciating anions: transport-structure relationship in LiTFSI-LiNO3 electrolytes. Physical Chemistry Chemical
Physics, 2025, 27 (41), pp.22082-22092. <10.1039/D5CP02750K). <hal-05346011)

HAL Id: hal-05346011
https://hal.science/hal-05346011v1

Submitted on 4 Nov 2025

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Qoo

Distributed under a Creative Commons CC BY-NC-ND 4.0 - Attribution - Non-commercial use - No
Derivative Works - International License


https://hal.science/hal-05346011v1
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

Strongly vs weakly associating anions: Transport-structure relationship in
LiTFSI-LiNO3 electrolytes

Ervin Rems,»2'®) Tim Slosar,! Sara Drvari¢ Talian,! Matej Hus,>* Robert Dominko,' 2> and Alessandra
Serva®7:b)

D Department of Materials Chemistry, National Institute of Chemistry, Hajdrihova 19, SI-1001 Ljubljana,
Slovenia

D Faculty of Chemistry and Chemical Technology, University of Ljubljana, Vecna pot 118, SI-1000 Ljubljana,
Slovenia

3) Department of Catalysis and Chemical Reaction Engineering, National Institute of Chemistry, Hajdrihova 19,
SI-1001 Ljubljana, Slovenia

Y Association for Technical Culture of Slovenia (ZOTKS), Zaloska 65, SI-1000 Ljubljana,

Slovenia

5 ALISTORE - FEuropean Research Institute, FR CNRS 8104, 80039 Amiens Cedexz,

France )

%) Sorbonne Université, CNRS, Physicochimie des Electrolytes et Nanosystémes Interfaciauz, F-75005 Paris,
France

") Réseau sur le Stockage Electrochimique de I’Energie (RS2E), FR CNRS 3459, 80059 Amiens Cedexz,
France

(Dated: 16 July 2025)

Liquid battery electrolytes based on mixtures of salts with weakly and strongly associating anions have
emerged as a promising route toward high-performance, sustainable battery technologies. Their success
is primarily attributed to the unique influence of salt composition on the solvation structure. Here, we
employ classical molecular dynamics simulations, corroborated by experimental data, to study mixed lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) / lithium nitrate (LiNO3) in diglyme electrolytes, a formulation
of particular interest for lithium—sulfur and lithium-oxygen batteries. We investigate how the ratio of weakly
associating anions (TFSI") to strongly associating anions (NOj) affects ion transport within the electrolyte.
Our findings reveal that the anion ratio significantly impacts both the solvation structure and the solvation
dynamics, which together contribute to the distinct transport behavior observed in these systems. These
findings underscore the tunability of battery electrolyte transport properties through careful mixing of anions.

I. INTRODUCTION

The rapid commercial expansion of Li-ion bat-
teries raises environmental, geopolitical, and ethical
dilemmas.! To address these issues, novel battery elec-
trode materials, such as lithium metal? and multivalent
batteries,? have been proposed. As the electrolytes typ-
ically used in commercial Li-ion batteries are incompat-
ible with these materials, their practical implementation
depends critically on electrolyte design.*

In this context, mixing of salts with different anions
appears as an increasingly promising approach.’ Elec-
trolytes with anions that differ in the anion—cation in-
teraction strength are of particular interest due to their
distinctive solvation structure.® Indeed, mixing strongly
and weakly associating anions has been shown to enable
enhanced stability and prolonged lifetime of Li metal”
and Na metal® batteries. The important feature observed
in these electrolytes is the large population of anions in
the first Li" solvation shell, which modulates the elec-
trochemical behavior of a battery cell. Despite advances
in understanding their structure, the transport properties
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of such mixed-anion electrolytes have received limited at-
tention. However, understanding transport properties is
crucial, as ion transport governs cell polarization, affect-
ing battery charging efficiency and lifespan.’

A prominent class of mixed-anion battery electrolytes
is based on lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) and lithium nitrate (LiNO3) in organic solvents,
significantly improving the performance of Li-S'° and Li-
O,!! batteries. In these systems, TFSI™ exhibits weak as-
sociation with Li ", whereas NO5 associates strongly.!?13
The origin of the improved performance of Li-S batteries
with electrolytes containing strongly associating NO5 an-
ions is complex and not fully understood.'*

Chu et al. have systematically investigated the per-
formance of Li-S battery cells with LiTFSI-LiNOj in
1,3-dioxolane (DOL) - 1,2-dimethoxyethane (DME) elec-
trolyte, varying the TFSI™ to NOj3 ratio at a constant to-
tal salt concentration of 1 M.1® The TFSI to NO5 anion
concentration ratio has been identified as a critical pa-
rameter governing sulfur species solubility and electrolyte
electrochemical stability, both of which contribute to im-
proved battery performance. This enhancement has been
primarily attributed to changes in the electrolyte struc-
ture, specifically the increased presence of strongly asso-
ciating NO ions in the Li™ solvation shell. However, the
effect of the interplay between weakly associating TFSI™
and strongly associating NOs ions on the ion transport
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through the electrolyte remains unclear.

In this work, we employ classical molecular dynamics
(MD) simulations, supported by experimental validation,
to systematically investigate the effect of the concentra-
tion ratio between strongly and weakly associating an-
ions on the transport properties of a representative model
electrolyte: LiTFSI-LiNO; in diglyme (G2) at a 1.49 mol
kg1 molality. We choose G2 for its established role as
a solvent in Li-S battery electrolytes,'%'® while the se-
lected salt molality reflects typical concentrations used
in practical cell configurations.!'''%17 First, we establish
the effect of anions ratio on two key descriptors of ion
transport: ionic conductivity and Li" transference num-
ber. Next, we discuss correlations in ionic movements to
understand the non-ideal transport properties of these
electrolytes. Finally, we establish that a cooperative ac-
tion of Li" solvation structure and Li" solvation dynam-
ics, which both heavily depend on the TFSI :NOj ratio,
provides a rationale for the observed ion-ion correlations.

1. METHODS
A. Classical molecular dynamics simulations

Classical MD simulations were performed using
LAMMPS.'® Simulated systems were composed of 500
G2 molecules and a varying number of Li", TFSI", and
NOgs ions. The corresponding chemical formulae are
shown in Figure 1. Mixed LiTFSI-LiNOg5 systems were
simulated as a function of the TFSI:NOj ratio, keep-
ing the total concentration fixed at 1.49 mol kg=! (see
Table I for the details). Additional simulations of single-
anion LiTFSI in G2 and LiNOj in G2 as a function of the
salt concentration were also performed (Table S1). The
Li" cation was represented by the Aqvist force field,™
the TFSI anion by the CL&P?° model, the NO3 an-
ion by the revisited OPLS-2009IL?' model, and G2 by
OPLS all-atom?? model. The net charge of the ions
was scaled by 0.8 to mimic polarization effects and im-
prove the description of transport properties.?? 2% A cut-
off of 12 A was applied for non-bonded interactions, while
the particle-particle particle-mesh method was used to
evaluate electrostatic energies at the relative force error
of 107°. C—H bonds of G2 were kept rigid using the
SHAKE algorithm. The timestep was set to 1fs. The
initial configurations were generated by randomly dis-
tributing particles in a cubic box using PACKMOL,?5
followed by energy minimization. The system was first
equilibrated for 5 ns in the isothermal-isobaric (NpT') en-
semble at 298.15K and 1atm to reach a constant den-
sity. The average volume of the system was evaluated
between 1ns and 5ns of the NpT' simulation. The den-
sities obtained from simulations agree well with exper-
imental values (see Table S2 for some of the simulated
systems), with errors below 0.4%. A second equilibra-
tion was performed in the canonical ensemble (NVT) at
298.15 K for 10ns. Finally, production NVT simulation

diglyme (G2) /O\/\O/\/O\
O . 0O
W N/
TFSI- PSS Pl
F 00 F
F F
il
NOS_ NI\\
o~ 0

FIG. 1. Structural formulae of G2, TFSI, and NOgj;.

£(NO3)[N(G2)|N(Li")[N(TFSI)[N(NO3)[ I/A [p/g cm—3
0.0 500 | 100 100 0 [52.14| 1.12
0.2 500 | 100 80 20 |51.64| 1.10
0.4 500 | 100 60 40 [51.14] 1.08
0.5 500 | 100 50 50 |50.86| 1.07
0.6 500 | 100 40 60 |50.61| 1.06
0.8 500 | 100 20 80  [50.10{ 1.03
1.0 500 | 100 0 100 [49.58| 1.01

TABLE I. Composition of the simulated mixed-anions elec-
trolytes (x being the molar faction and N the number of
species) together with box edge length, I, and density, p, ob-
tained from a NpT simulation.

at 298.15 K was performed for 90ns. The trajectory was
saved every 1ps. The temperature and pressure were
controlled using the Nosé-Hoover thermostat and baro-
stat with relaxation times of 100fs and 1000 fs, respec-
tively. LAMMPS input files were generated using a mod-
ified version of fftool.2” Trajectories were analyzed us-
ing TRAVIS,?®29 MDAnalysis,??3! SolvationAnalysis,>?
mean_square_displacements utility,®* and self-written
tools. Solvation networks were visualized using

NGLview.3*

B. Experimental measurements

Electrolytes were prepared from previously dried salt
and solvents: diglyme (Acros Organics, 99%, extra pure)
was dried using 4 A molecular sieves, refluxed overnight
with a Na/K alloy, and purified by fractional distillation,
LiNO3 (Merck, 99.995%) was dried at 150 °C overnight in
vacuum, and LiTFSI (Sigma-Aldrich, 99.95%) was dried
at 140 °C overnight in vacuum.

The density was measured at 298.15 K and atmo-
spheric pressure with a vibration-type density meter, the
Anton Paar DMA 500 with a declared reproducibility of
1.10 kg m—3. The calibration of the densimeter was per-
formed using the density data of milipore water.

Raman spectroscopy measurements were performed
using a Ram IT Raman spectrometer with a 785 nm laser
by averaging 200 samplings in the 50 cm ™! to 3600 cm ™!
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range.

For transference number determination, Li metal
(Gelon, 200 pm thickness) symmetrical cells were assem-
bled under Ar atmosphere (MBraun glovebox, O, and
H,0 < 1 ppm). Two 2 cm? Li electrodes, 9 layers of Cel-
gard separators and 100 plL of electrolyte were used for
cell assembly and the cell was packaged in a Triplex foil
packaging (PE 90 pm/Al 10 pm/PET 20 pm) with Ni con-
tact strips. The cells were assembled and left for 7 days
to stabilize. Low-frequency electrochemical impedance
spectroscopy (EIS) spectra were measured using VMP3-
e BioLogic potentiostat/galvanostat (1 MHz—0.1 mHz,
10 mV rms amplitude). For the determination of ionic
conductivity, symmetric cells were assembled using the
same pouch cell casings, two stainless steel blocking elec-
trodes (16 mm in diameter), one Celgard 2320 separator
layer and 20 L of the chosen electrolyte. EIS spectra
of these cells were measured in a frequency range of 1
MHz to 1 kHz at 298.15 K. The resistive intercept was
extracted from the spectra. Furthermore, the EIS spec-
trum of a cell with LP40 electrolyte (1 M LiPFg in 1/1
wt/wt diethyl carbonate/ethylene carbonate) was mea-
sured to provide a reference value and allow calculation
of the ionic conductivity. The conductivity of the LP40
electrolyte was assumed to be 8.0 mS cm™!.3% The error
in the ionic conductivity was below 0.5 mS em™!.

Ill. RESULTS AND DISCUSSION

A. lonic conductivity and Li* transference number

The key transport features of a battery electrolyte
are the ionic conductivity, ¢, and the Li" transfer-
ence number, ty. We start by investigating how the
TFSI :NOg3 ratio affects these two properties.

The ionic conductivity quantifies the mobility of
ions involved in electrochemical reactions, influencing

the power output of the battery cell.?® We evaluate it
2
> (1)

from the MD trajectory through
g = “ <‘qu Tz _Tz tO))

k‘BTV tHOO 6t
where eg is the elementary charge, kp the Boltzmann
constant, T' the temperature, V the volume, ¢ the time,
q; the formal charge of an ion i, and 7; its cartesian coor-
dinates. Note that this equation accounts for the effect
of all ion correlations.

Figure 2a shows the ionic conductivity of the mixed-
anions system at a 1.49 mol kg~! total salt molality and
various TFSI:NOj ratios. Both in simulation and ex-
periment, the conductivity monotonically decreases with
an increasing proportion of NO3 anions. While the sim-
ulation adequately describes the experimental trend, the
match is not quantitative, as expected for simulations
based on a classical non-polarisable force field.37:38

A similar trend in conductivity was observed experi-
mentally in solutions based on a triethyl phosphate sol-
vent, where o of 1 M LiTFSI solution (4.79 mS cm™!)
was 74 % higher than that of 1 M LiNO; solution
(2.76 mS cm~!).3% Notably, the decrease in conductiv-
ity in mixed-anion electrolytes is relatively small, com-
pared to the substantially lower conductivity for the
z(NO3g) = 1.0 system. Similarly, only a slight de-
crease in o was experimentally observed in liquid organic
electrolytes containing lithium bis(fluorosulfonyl)imide
(LiFSI) when mixed with strongly associating anions
such as ClO, or BF,, albeit at low concentrations of
strongly associating anions.”!3

In Figure S2a, we additionally examine the conduc-
tivity of single-anion solutions of LiTFSI and LiNOgj
in G2 at concentrations ranging from 0.30 mol kg~!
to 1.49 mol kg=!. We observe that o of the LiTFSI
solutions is systematically higher than that of the LiNOg
solutions.  This is consistent with the experimental
observation that a weaker interaction between the Li"
cation and the salt anion correlates with a higher ionic
conductivity of Li" electrolytes.’® Similarly, LiTFSI
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FIG. 2. Transport properties of mixed LiTFSI-LiNO;
in G2 solutions as a function of TFSI :NOg ratio and
fixed total molality of 1.49 mol kg™'. (a) Ionic conduc-
tivity, o; (b) Li" transference number, .. MD simulation
and experimental results are shown in purple and dark green,
respectively.
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electrolytes reach their maximum o at a higher con-
centration than LiNO3 (1.20 mol kg~! vs 0.75 mol kg=1).

The Li" transference number ¢, quantifies the
fraction of the conductivity that is useful for the
electrochemical reaction.®® We compute ¢, from MD
simulations as

. __ Dbpe - (D)
* 7 D° (DS + D - 2D5 )

2)

where + and — denote cations and anions, respectively,
and D¢ is the corresponding collective diffusion coeffi-
cient. The calculation of collective diffusion coefficients
is detailed in III B. This expression for ¢, was derived by
Wohde et al. from the Onsager reciprocal relations and
the linear response theory, and takes into account all cor-
relations between ionic movements.*! Experimentally, we
determine the ¢4 from low-frequency EIS spectra (Fig-
ure S1) as

Rel
b Re + Rw ®)
where R, and Ryw are the resistive intercept and the
resistance of diffusion acrs, respectively.*!
t4, shown in Figure 2b, increases as the amount
of NOj3 anions increases, both in simulations and
experiments. Similarly, a high (0.49) and low (0.32)
t;+ were observed for 1 M LiNO3 and 1 M LiPFg salts,
respectively, in dimethyl sulfoxide-propylene carbon-
ate solvent,*> where PFg anions, like TFSI, exhibit
considerably weaker anion association strength than
NO;.'2 We also study the effect of concentration on ¢,
in single-anion electrolytes (Figure S2b). The t; for
LiTFSI and LiNOj electrolytes almost coincide at the
lowest concentration (0.30 mol kg™!). However, as the
salt concentration increases, t; decreases for LiTFSI
and increases for LiNO3. At 1.49 mol kg~!, a striking
difference in ¢t is observed between the two salts (0.41
for LiTFSI vs 0.77 for LiNO3).

The behavior observed in the presence of strongly
associating NOj anions resembles the transport charac-
teristics of solvent-in-salt electrolytes, where a reduced
o is coupled with a large t,.*® A similar coupling of
ionic conductivity and Li" transference number was
observed in MD simulations of 0.88 M LiTFSI and
0.33 M LiTFSI + 0.66 M LiNOs, both in a mixture
of 1,2-dimethoxyethane and 1,3-dioxolane.** Carefully
exploring the chemical and concentrational space in
mixed-anion electrolytes thus represents an interesting
avenue for boosting the transport properties.

B. Correlations in ion transport

In an ideal electrolyte, the ionic conductivity is pro-
portional to the molar concentration of ions (charge car-
riers). As the total molar concentration of ions in the
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@ Simulation ...
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FIG. 3. The ideal electrolyte behavior fails to capture
the transport trends. (a) Nernst-Einstein conductivity,
o™®, and (b) apparent Li" transference number, PP,
for mixed LiTFSI-LiNOj3; in G2 solutions as a function of

TFSI :NO; ratio and fixed total molality of 1.49 mol kg~'.

investigated systems does not vary, the decrease of o in
solutions with larger amounts of NO3 anions suggests a
strong deviation from the ideal behavior.

The degree of non-ideality can be quantified from the
simulation trajectory. Specifically, ¢ and ¢, which ac-
count for the correlated movements of ions, can be simpli-
fied and expressed in terms of self-diffusion coefficients,
Ds . if an ideal electrolyte is assumed. This yields the

Nernst-Einstein conductivity, o™NF,
NE o 2 s
= E N;q; D3 4
g kpTV i iq; Ly ( )

where NV;, g;, Dj are the number, the formal charge, and
the self-diffusion coefficient of an ionic species i. Here,
the species is either Li*, TFSI", or NO3. The calculation
of self-diffusion coefficients is detailed in III B. Similarly
to oNE| the apparent Li" transference number, tipparent,

can be defined for an ideal electrolyte

s
tapparent _ D+

=+ 5
+ D3 + D3 ©)

where + and — denote cations and anions, respectively,
and D® is the corresponding self-diffusion coefficient.
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FIG. 4. Ion-Ion correlation effects. Distinct, D¢, and collective, D¢, diffusion coefficients in mixed LiTFSI-LiNO,-G2

electrolytes as a function of the TFSI:NOj ratio at a fixed total molality of 1.49 mol kg™

1. Large positive and large negative

values indicate strong positive correlation and anticorrelation, respectively. The meaning of diffusion coefficients is illustrated
on the left. Cations and anions are represented in orange and teal blue, respectively. Arrows illustrate the relative direction
of the movement, with ions moving preferentially in the same direction and in the opposite directions for positively correlated

and anticorrelated movement, respectively.

oNE and PP are reported in Figure 3 and Fig-

ure S3 for the mixed-anions and single-anion electrolytes,
respectively. It is evident that these metrics deviate sig-
nificantly from o and ¢,. As expected, this deviation
is more pronounced in electrolytes containing NO5 an-
ions, where stronger interactions between cations and an-
ions more significantly affect the dynamics. Importantly,
assuming an ideal behavior in such cases could lead to
qualitatively different conclusions. Specifically, oN¥ in-
creases by increasing the TFSI :NOj ratio, whereas o
decreases. Additionally, tj_pparcnt remains relatively un-
changed across different systems, whereas ¢, is strongly
affected. A similar behavior of #{"***™ and ¢, was ob-
served for the LiTFSI water-in-salt electrolyte.?®

This discrepancy highlights the important role of
correlated ion movements in transport phenomena
within the investigated electrolytes. It reinforces the
importance of considering complex correlations in
the molecular modeling of battery electrolytes*® and
motivates a deeper investigation of ion-ion correlations
in our systems.

Correlated movements between two distinct species A
and B are quantified by the collective diffusion coefficient

c .

AB-
1 .1
——— lim —
NpNg t—oo 6t

Na Np
<Z(Ti(t) —ri(to)) D (ri(t) =7, (to))> (6)

i J

c o _
DAB_

In other words, D describes how correlated transport
of species A and B is.*® Specifically, DSy < 0, D$g = 0,
and Dy > 0 correspond to anticorrelated, uncorre-
lated, and positively correlated movements of species
A and B, while |D%g| indicates the magnitude of this
(anti)correlation.

For chemically identical species (A = B), this relation

reads:
. 1 .. 1
DA—MtEToﬁt< > Q

On the other hand, the self-diffusion coefficient D} treats
movements of particles independently:

Na 2

> (i) - rilto))

2

1 ey ey 2
S — 3 —_— . — .
Dy =Jin g (je@-r@)[ ) ®
D# of all ionic species is reported in Figure S4 for all
investigated electrolytes. The descriptor of correlations
is the distinct diffusion coefficient, D4 :

D} = D§ — Dy )
The meaning of D} is analogous to that of DSg.

The relevant D9 and D¢ for mixed-anion electrolytes
are shown in Figure 4. Strong positive correlations
are observed in systems containing NOsanions, for

both D%Og and Dii* NOL which intensify at increased
5 3

NOj3; concentrations.  Conversely, the corresponding

https://doi.org/10.26434/chemrxiv-2025-mcvwf ORCID: https://orcid.org/0000-0002-7525-2494 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2025-mcvwf
https://orcid.org/0000-0002-7525-2494
https://creativecommons.org/licenses/by-nc-nd/4.0/

coefficients for the TFSI™ anion (D$pg- and IR —)

exhibit weak anticorrelations. In particular, the
self-anticorrelation of TFSI™ is notable, while the Li"—
TFSI cross-anticorrelation is small. This is in agreement
with experimentally observed anticorrelated transport
between Li"~TFSI, Li"-Li", and TFSI -TFSI ion
pairs in tetraglyme-based electrolytes.?” The degree of
anticorrelation in Li™-TFSI™ transport was reported to
be substantially lower than that of Li"-Li" and TFSI -
TFSI 4" consistent with our results. Further, for Diﬁ,
we note a transition from anticorrelated to positively
correlated transport: Li'" transport is anticorrelated in
systems enriched with TFSI ions, positively correlated
in those enriched with NOs, and uncorrelated when
m(LiTFSI) ~ m(LiNOs).

A similar behavior is observed in single-anion elec-
trolytes (Figure S5). Regardless of the salt concentration,
(i) both Li*" and anion transport are anticorrelated in
LiTFSI electrolytes and positively correlated in LiNOg
electrolytes; (ii) the transport of Li" and anions is
positively correlated; (i) all (anti)correlations are
stronger in LiNO3 compared to LiTFSI electrolytes.

To conclude, the presence of NO3 anions leads to pro-
nounced ion correlations, whereas such effects are sig-
nificantly weaker in TFSI -dominated electrolytes. This
aligns with the greater deviation of ¢ from oN* observed
in LiNOj electrolytes compared to LiTFSI, a trend that
is clearly reflected in the increase in the Haven ratio, Hg
(Figure S6).¢ The likely explanation lies in the stronger
Li"—anion correlations associated with NO5 anions than
with TFST, which could arise from either: (i) a larger
population of contact ion pairs or aggregates (structural
origin); (ét) a longer lifetime of contact ion pairs or ag-
gregates (dynamic origin).

C. Structural origin of ion correlations

We first study how the (average) local Li™ solvation en-
vironment depends on the mixing of weakly and strongly
associating anions. The coordination number between
Li" and the oxygen (O) atoms of G2 is shown in Fig-
ure 5a. When only TFSI  anions are present, Li™ ions
are directly coordinated with 6 O atoms of G2, in ac-
cordance with previous classical MD simulations of the
LiTFSI-G2 electrolyte (even though based on different
force field parameters).*® On the other hand, only 4 O
atoms of G2 are directly coordinated to Li" in the LiNO;-
G2 electrolyte. In systems containing both anions, a clear
monotonic trend is observed, in which an increase in the
concentration of NOj3 correlates with a lower coordina-
tion of Li" with the O(G2) atoms.

The coordination of the O atoms of NO5 to Li™ is also
shown in Figure ba. A substantial number of NO3 anions
occupy the first solvation shell of Li", and their presence
increases with increasing concentration of NO; , in accor-
dance with decreased solvation with G2. Although Li™"

is coordinated, in total, with approximately six O atoms
in all electrolytes, the G2 to NO5 ratio within the Li"
solvation shell is governed by the TFSI™ to NOj3 ratio. In
all cases, no short-range ordering of Li" and TFSI ions
is observed. These trends are similar to those observed
for LiTFSI-LiNOj in tetraglyme!! and DOL-DME.!®

We use Raman spectroscopy to experimentally vali-
date the simulated Li" solvation structure. The most
informative regions of the Raman spectra are shown in
Figure 5b, while the full spectra are provided in Fig-
ure S8. The ~ 880 cm™! band is attributed to a distinct
G2 conformation, corresponding to G2 molecules coordi-
nated to Li'" .49 The intensity of this band decreases with
increasing (NOj ), confirming the decrease in G2 coor-
dination number from MD. The symmetrical stretching
vibration of NOj is observed as a Raman band around
1040 cm™!. The formation of Li*—NOj5 contact ion
pairs shifts this band ~ 5 cm ™! upward.’® As the concen-
tration of NOj increases, the peak shifts toward higher
wavenumbers, confirming a systematic increase in the
amount of NO; in the Li" solvation shell. In contrast,
the position of the ~ 740 cm ™! band, associated with ex-
pansion—contraction of TFSI', remains unchanged. This
aligns with the simulation result that TFSI  does not
interact with Li", as such interaction would result in a
comparable upward shift.?152

How are G2 and NO; coordinated to Li"? While
all O atoms of a G2 molecule are typically coordinated
to a Li" ion, this is not the case for NO;. This can
be appreciated via the radial distribution functions
(RDFs) and the coordination numbers shown in Fig-
ures 5¢ and 5d. RDFs between Li" and the center
of mass (COM) of G2 exhibit a narrow, single peak,
corresponding to tridentate binding of G2 via O atoms
(a representative snapshot is shown in Figure S7). On
the other hand, two distinct peaks are observed in
Li"-COM(NO;3) RDFs, suggesting monodentate and
bidentate binding modes. Their relative contribution
is evaluated in the inset of panel 5d, as described in
Supplementary Note S1. Monodentate NO5 coordina-
tion is preferred, occurring at 5-7 times the frequency
of bidentate coordination, with the exact ratio varying
according to the electrolyte composition (Table S3).
Electrolytes containing only NOj3; anions exhibit a
concentration-dependent increase in monodentate co-
ordination, while no systematic variation is observed
in mixed-anion systems with differing TFSI :NOj ratios.

To get further insights into the Li" environ-
ment, a population analysis of Li" solvation clusters
is shown in Figure 6a. Overall, the two dominant
solvation clusters across the investigated electrolytes are:
(i) Li" solvated with two G2 molecules (|Li(G2)2]™)
and (#) Li" solvated with one G2 molecule and two
NO; anions (|Li(G2)(NOs)s]™). In particular, all Li"
appear fully solvated with G2 in the 1.49 mol kg=!
LiTFSI electrolyte. However, with increasing number
of NO3 anions in the system, a significant population
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FIG. 5. Structural origin of ion correlations in LiTFSI-LiNOj3 in G2 for different TFSI :NOj ratios at fixed
total molality of 1.49 mol kg~': Li" first solvation shell and beyond. (a) Coordination numbers (CN), computed from
the corresponding radial distribution functions (RDFs). The cut-off used is 3.6 A for Li™-O(G2) and 2.8 A for Li"-O(NO3). (b)
Selected regions of Raman spectra. The color of each curve corresponds to the electrolyte composition according to the legend in
(e). Raman intensities are not comparable across the three regions. (c) RDF between Li' and center of mass (COM) of G2 and
corresponding coordination number (for a cut-off of 2.1 A, inset). (d) RDF between Li™ and COM of NO3 and corresponding
coordination number (inset). Red and green curve of the inset correspond to monodentate and bidentate coordination of NOj .
(e) Li*-Li" RDF (top) and corresponding running coordination number (bottom).

of [Li(G2)(NOg3)s|~ clusters is observed. Notably, in
the 1.49 mol kg=! LiNOj electrolyte, [Li(G2)(NOg)a|~
clusters become more common than [Li(G2)s|" clusters.
Additionally, no TFSI anions are present in the observed
solvation clusters, in agreement with the Li"—TFSI
coordination number and Raman spectroscopy.

The Li"—Li" RDFs and running coordination
number (Figure 5e) indicates cation—cation structuring
in NOgj-containing electrolytes, implying formation of
ion aggregates. To systematically investigate possible
ion aggregation, we analyze ion networks in the elec-
trolytes. An ion network is defined as a topological
object composed of directly linked ions - in this case
Li", TFST, and NO;. We also attribute size to every
network: the number of Li" ions present in a network.
Additionally, size 0 is attributed to every Li' ion that is
not part of any network, i.e., is fully solvated with G2
molecules. The definition of a network size is chosen so

that it best reflects the topological environments of Li™
cations. Illustratively, we provide examples of network
structures and corresponding network sizes in Figure 6b.

Networks composed of Li™ and NOj ions are observed
in all electrolytes containing NOj', while no TFSI ions
are present in the networks. Figure 6¢ shows the share
of Li" ions as a function of the network size. A higher
concentration of NOj anions (at the account of lower
concentration of TFSI') results in larger populations of
networked Li". This is due to both (i) a larger pop-
ulation of ion networks and (i) a larger size of ion net-
works. The presence of large aggregates composed of Li™
and NOg ions is in agreement with large populations of
[Li(G2)(NO3)2]~ clusters, as non-terminal networked Li’
ions must be directly bound to at least two NOj ions.

Similar trends as in mixed-anion electrolytes are
observed for single-anion electrolytes. Li' ions are
fully solvated by G2 molecules in all LiTFSI-based
electrolytes, whereas more NOs anions are found in
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the Li" solvation shell with rising salt concentration
in LiNOj electrolytes (Figure S9). Analysis of ion
networks confirms that network formation with Li* is
exclusive to NO5 anions, and that the proportion of Li"
ions participating in such networks increases with salt
molality (Figure S10).

The transport properties observed in Section
IITA-IIIB can now be rationalized in terms of the
electrolyte structure.  An increasing proportion of
NOg3 anions leads to a greater number of NOj3 in the
first Li" solvation shell. This results in more correlated

Li"-NO; movements (higher Di vo ). Similarly,
1, 3

the substantial amount of Li" present in the form of
networks /aggregates of Li” and NO anions is likely the
reason behind large, positive values of Dgﬁ and D%og
in NOj-rich electrolytes. In the absence of such contact
ion pairs and aggregates, i.e., in TFSI -rich electrolytes,
a slightly anticorrelated ion transport is observed. This
explains the transition from anticorrelated to positively
correlated Li" transport when weakly associating
TFEFSI anions are replaced with strongly associating
NOj anions.

D. Dynamic origin of ion correlations

Correlations in ion transport may also be linked to the
dynamics of the Li" solvation shell. For instance, if Li*
is, on average, directly coordinated with a substantial
number of NO3 anions, significant correlated transport
will occur only if these ion pairs persist over timescales
relevant to ion diffusion.

We evaluate lifetimes of Li"™—G2 and Li"™—NO; pairs
following the approach of Borodin and Smith.?8:>3 Briefly,

we first compute the dimer existence autocorrelation
function (c(7), DACF). Li" is considered to be in a dimer
with G2 precisely when the O atom of G2 is one of its
six nearest neighbors. Similarly, Li" is in a dimer with
NOj precisely when the O atom of NOjs is one of the
six nearest neighbors of Li". The DACF is then fit to a
function of the form
-
f(r) = Aexp—— (10)
B
where A and B are fitting parameters. The pair lifetime
T is then

TzQ/f(T)dT (11)

The lifetimes are shown in Figure 7a. An increase in
the NO3:TFSI ratio leads to a significant increase in
the Li"—NOg lifetime (from 9.7 ns to 13.8 ns), while
the lifetime of Li"-G2 pairs decreases only slightly
(from 9.7 ns to 8.2 ns). Increasing NOj5, not only the
size and concentration of the Li"—NOj3 networks, but
also their lifetime. This indicates that the observed ion
correlations arise from both structural and dynamic
aspects of Li" solvation.

Another important aspect to consider is the Li" trans-
port mechanism. Two limiting cases are typically dis-
cussed: solvent exchange mechanism, where Li" hops be-
tween the coordinating solvent molecules, and vehicular
transport, in which Li" moves together with its solva-
tion shell.®* The two cases are sketched in Figure 7b. In
practical electrolytes, Li" transport generally involves a
combination of both mechanisms. The relative contri-
bution of these two mechanisms can be determined by
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FIG. 7. Dynamic origin of ion correlations in LiTFSI-
LiNOj3 in G2 for different TFSI :NOgj ratios at fixed
total molality of 1.49 mol kg™'. (a) Lifetime of Li"—G2
and LiT™—NOj pairs. (b) Schematic illustration of solvent-
exchange and vehicular transport mechanisms of Li™ cations
through an electrolyte. (c) Characteristic length, L, for LiT—
G2 and Li"™—NOj pairs. Small and large L values indicate
prevalent solvent-exchange and vehicular Li™ transport mech-
anisms, respectively.

evaluating the characteristic length L, defined as the av-
erage distance traveled by the Li* ion while coordinated
with a species present in the solvation shell:>3:%°

L=,/6D:.T (12)

where a high L indicates vehicular-dominated transport
and a low L solvent-exchange-dominated transport.

Figure 7c shows the characteristic length L: as the
NO5:TFSI" ratio increases, the transport becomes
more vehicular with respect of NO3; and more solvent-
exchange with respect to G2. In other words, as the
NOj; concentration increases, the distance traveled by
Li" and NO; ions while remaining coordinated also
increases. This provides a clear atomistic rationale for
the observed ion correlations.

Similarly, we study the solvation dynamics in
the single-anion electrolytes. The Li'—G2 and
Li"—NO; lifetime (Figure Slla) increases as the
LiNO; concentration increases, more rapidly for Li"—
NOj3.  Accordingly, at the lowest LiNOj; molality
(0.30 mol kg~!), the lifetime of Li*—NOj is lower than
the Li"—G2 lifetime, while the opposite is observed at
higher concentrations. We also note that the Li"™—G2
lifetime in LiTFSI is cousistently 16% to 18% longer
than in LiNOj, probably because the TFSI™ anions do
not participate significantly in the Li" solvation shell.
Interestingly, the trend of the characteristic length, L,
(Figure S11b) does not follow that of the ion-pair lifetime
T, in contrast to the mixed-anion systems (Figure 7).
For the LiNOj electrolytes, the Li"—NOj coordination
number increases with rising LiNOj; molality (Figure
S9¢), and similarly, the lifetime 7' of Li"—NOj pairs
also increases (Figure S11a), suggesting a more positively
correlated Li"—NO; transport. However, no increase
ii*,Nog is observed (Figure S5c). Interestingly,
the correlation length L shows a stronger relationship

with D vos indicating that the distance over which
9 3

Li" and NO; move together (reflecting the extent of
vehicular transport) is more directly tied to collective
diffusion behavior. This result highlights that under-
standing of ionic transport correlations requires not
only consideration of solvation structure and ion-pair
lifetimes, but also taking into account the effects on the
stochastic motion of individual ions.

IV. CONCLUSIONS

In this work, we have comprehensively investigated ion
transport in mixed LiTFSI-LiNOj; in G2 electrolytes. As
the concentration of weakly associating TFSI ions de-
creases and that of strongly associating NOj3 ions in-
creases, the Li" transference number increases while the
ionic conductivity decreases, similar to the behavior of
highly concentrated battery electrolytes.** Classical MD
simulations capture the experimental trend, although a
polarizable force field or machine learning force fields
could further improve accuracy, enabling quantitative
agreement, as recently shown for conventional Li-ion bat-
tery electrolytes.”® The observed transport characteris-
tics are explained by strong ion-ion correlations in NO5 -
rich electrolyte formulations, arising from large and long-
lived Li"~NOj ion networks. In this context, we reiterate
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that an appropriate treatment of correlated ion move-
ments in analyzing molecular simulations is essential for
a reliable description of transport properties of practical
battery electrolytes. We believe this work highlights a
framework for systematically modulating ion transport
by mixing salt anions, thereby offering a practical ap-
proach to rational electrolyte design.
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