
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 1
1/

22
/2

02
5 

7:
37

:0
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A comparative an
aDepartment of Chemistry-Ångström Laborat

SE-751 21, Sweden. E-mail: reza.younesi@k
bMolMod-CS, Physical Chemistry Departm

Federal University, Campus Valonguinho, N

† Electronic supplementary informa
https://doi.org/10.1039/d2ta08404j

Cite this: J. Mater. Chem. A, 2023, 11,
4111

Received 27th October 2022
Accepted 21st January 2023

DOI: 10.1039/d2ta08404j

rsc.li/materials-a

This journal is © The Royal Society o
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To enhance battery safety, it is of utmost importance to develop non-flammable electrolytes. An emerging

concept within this research field is the development of localized highly concentrated electrolytes (LHCEs).

This type of liquid electrolyte relies on the concept of highly concentrated electrolytes (HCEs), but

possesses lower viscosity, improved conductivity and reduced costs due to the addition of diluent

solvents. In this work, two different hydrofluoroethers, i.e., bis(2,2,2-trifluoroethyl) ether (BTFE) and

1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (TTE), are studied as diluents in a phosphate-based

non-flammable liquid electrolyte. These two solvents were added to a highly concentrated electrolyte of

3.0 M lithium bis(fluorosulfonyl)imide (LiFSI) in triethyl phosphate (TEP) whereby the salt concentration

was diluted to 1.5 M. The solvation structures of the HCE and LHCE were studied by means of Raman

spectroscopy and Nuclear Magnetic Resonance (NMR) spectroscopy, where the latter was shown to be

essential to provide more detailed insights. By using molecular dynamics simulations, it was shown that

a highly concentrated Li+–TEP solvation sheath is formed, which can be protected by the diluents TTE

and BTFE. These simulations have also clarified the energetic interaction between the components in the

LHCE, which supports the experimental results from the viscosity and the NMR measurements. By

performing non-covalent interaction analysis (NCI) it was possible to show the main contributions of the

observed chemical shifts, which indicated that TTE has a stronger effect on the solvation structure than

BTFE. Moreover, the electrochemical performances of the electrolytes were evaluated in half-cells

(LijNMC622, Lijgraphite), full-cells (NMC622jgraphite) and Li metal cells (LijCu). Galvanostatic cycling has

shown that the TTE based electrolyte performs better in full-cells and Li-metal cells, compared to the

BTFE based electrolyte. Operando pressure measurements have indicated that no significant amount of

gases is evolved in NMC622jgraphite cells using the here presented LHCEs, while a cell with 1.0 M LiFSI

in TEP displayed clear formation of gaseous products in the first cycles. The formation of gaseous

products is accompanied by solvent co-intercalation, as shown by operando XRD, and quick cell failure.

This work provides insights on understanding the solvation structure of LHCEs and highlights the

relationship between electrochemical performance and pressure evolution.
1 Introduction

The global demand for energy storage devices is expected to
increase rapidly in the next decades. If batteries do not become
safer, the number of res originating from battery failure will
also scale proportionately. Currently, most commercial
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tion (ESI) available. See DOI:

f Chemistry 2023
batteries consist of a ammable organic liquid electrolyte. To
enhance battery safety, the development of non-ammable
electrolytes has become ever more important.1 While the use
of solid-state electrolytes is promising, they currently lack either
ionic conductivity (polymer electrolytes) or have poor interfacial
contacts (ceramic electrolytes).2 Therefore, there is an interest to
develop non-ammable liquid electrolytes, given that they
improve the safety and do not compromise electrochemical
performance. Another critical aspect in the development of
battery electrolytes is their extended electrochemical window to
fulll the demand of high energy batteries, enabling their use
with electrodes operating at extreme potentials (such as Li-
J. Mater. Chem. A, 2023, 11, 4111–4125 | 4111
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metal and high-voltage cathodes). One promising approach
towards non-ammable electrolytes is to use alkyl phosphates
as electrolyte solvents, due to their radical scavenging ability.3

However, previous work has shown that the alkyl phosphates
are not compatible with carbonaceous anodes.4 Several
approaches have been demonstrated to overcome this issue,
such as using high concentrations of non-combustible salts and
using electrolyte additives or salts forming passive interfacial
layers.5–7 Recent studies have revealed that electrolytes with
a high salt concentration form a solvation structure with
a minimum number of free solvent molecules, whereby the
reactivity of the solvent with both the anode and the cathode
material is effectively suppressed.8,9 Also, due to enhanced
interaction between anions and Li+, the electron density will
shi from the anion to the Li+ cation. This causes a preferred
reduction of the anion, resulting in an inorganic anion-derived
SEI.10 The concept of high salt concentration electrolytes has
shown to lead to high coulombic efficiencies in Li-metal
batteries.11 However, the high concentrations of salt also
mean high viscosity and increased costs.

To reduce the overall salt concentration, and thereby the
costs of the electrolyte, an inert diluent can be added to the
highly concentrated electrolytes (HCEs) to obtain localized
highly concentrated electrolytes (LHCEs).12 Such a diluent
should ideally (1) have zero to minimum salt solubility, (2) be
miscible with the main electrolyte solvent, (3) preserve the
solvation structure (by inherent poor cation solvation capa-
bility), (4) have lower costs than other electrolyte components
and (5) be non-ammable for safety.13 Ideal candidates that
fulll these requirements are hydrouoroethers, primarily
because they have low dielectric constants (low salt solubility)
and low viscosities (enhanced conductivity). A solvent with a low
dielectric constant does not participate in ion association in the
electrolyte, so it will not interfere with the attraction of ions of
opposite charge.

Molecular dynamics (MD) simulations have been extensively
used to address the structural organization of ionic liquids, as
well as to study the inuence of salt concentration on the
solvation structure and the dynamics of the electrolyte.14,15 For
example, DFT-MD simulations have supported the under-
standing of the coordination of anions and solvents around Li+

in the highly concentrated regime of LiFSA in DMC, showing
insights on contact ionic pair (CIP) and aggregate (AGG)
formation.16 Furthermore, links between the anion reduction
and the Li+-anion coordination have been proposed via DFT.10,17

Also, electrolyte structure and solvation energy have been esti-
mated for highly uorinated non-polar solvents as well as
elucidation of solvent reactions of uorinated electrolytes on
a LiCoPO4 cathode surface.18,19 Combinations of NMR spec-
troscopy with MD simulations have also been performed in
several studies.20,21 Furthermore, DFT has been employed to
corroborate NMR experimental results with the interactions
between atoms and molecules by applying the quantum theory
of atoms in molecules (QTAIM) and non-covalent interactions
(NCI) in the conformational analysis of organic molecules and
both intra- and intermolecular hydrogen bonding involving
4112 | J. Mater. Chem. A, 2023, 11, 4111–4125
uorine.22–27 In this study these techniques are applied to
understand the solvation structure of HCEs and LHCEs.

Bis(2,2,2-triuoroethyl) ether (BTFE) and 1,1,2,2-tetra-
uoroethyl 2,2,3,3-tetrauoropropyl ether (TTE) are two exam-
ples of hydrouoroether diluents which have been tested
previously. They have a dielectric constant of 4.4 and 6.2,
respectively.28,29 Table S1 in the ESI† provides an overview of the
electrolytes that have been studied in this and previous work.
LHCEs obtained with BTFE have mainly been studied in
lithium-metal batteries while a few studies exist in lithium-ion
batteries with graphite and silicon/graphite anodes.12,30–33

LHCEs with TTE have been studied in lithium-metal batteries
and in lithium-ion batteries with graphite anodes.34–36 However,
most of the previous studies on TTE used a ammable
carbonate-based solvent and only a few studies have been per-
formed with non-ammable solvents.37 Furthermore, very few
studies exist on the application of this type of electrolyte in full-
cells. In this study, BTFE and TTE are studied as diluents in
a non-ammable electrolyte based on LiFSI salt and triethyl
phosphate (TEP) solvent. The effects of two different diluents
are (1) evaluated in terms of effectiveness to preserve the
solvation structure of the HCE, (2) compared in terms of elec-
trochemical performance in half-cells, full-cells, and Li-metal
cells, and (3) analyzed in terms of electrolyte stability during
formation cycles by operando pressure analysis. This work
thereby provides new insights on the solvation structure of non-
ammable LHCEs and the compatibility of the LHCEs in
lithium-ion batteries.
2 Methods
2.1 Preparation of electrolytes

Lithium bis(uorosulfonyl)imide (LiFSI, Solvionic, 99.9%) was
dried in a vacuum oven at 120 °C for 12 hours. Prior to use, the
solvents triethylene phosphate (TEP, Acros, 99.8%), bis(2,2,2)-
triuoroethyl (BTFE, Sigma-Aldrich, 98%) and 1,1,2,2-tetra-
uoroethyl 2,2,3,3-tetrauoropropyl ether (TTE, Apollo Scien-
tic, 98%) were dried over dehydrated molecular sieves (4.0 Å)
for at least 48 hours. First, a highly concentrated electrolyte
(HCE) was prepared by dissolving 3.0 M LiFSI in TEP inside an
argon-lled glovebox (O2 < 1 ppm and H2O < 1 ppm). Subse-
quently, the HCE was diluted with either BTFE or TTE to obtain
respectively 1.5 M LiFSI in TEP/BTFE and 1.5 M LiFSI in TEP/
TTE. The electrolyte mixtures were stirred for 24 hours or
until clear solutions were obtained. Aer electrolyte prepara-
tion, the water content was lower than 20 ppm (10.8 ppm for
1.5 M LiFSI in TEP/BTFE and 14.2 ppm for 1.5 M LiFSI in TEP/
TTE) measured by Karl Fischer titration. For the ammability
experiments 1.0 M LiPF6 in ethylene carbonate (EC) : diethyl
carbonate (DEC)= 1 : 1 v/v (LP40) was purchased from Solvionic
and used as received.
2.2 Physicochemical properties

The viscosity and density of the electrolytes were analyzed using
a Lovis 2000 M/ME (Anton Paar) operating between 10 °C and
50 °C. The conductivity measurements were carried out at room
This journal is © The Royal Society of Chemistry 2023
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temperature (20 °C) using a Mettler Toledo SevenGo Duo pro
pH/ORP/Ion/Conductivity meter SG78 with an InLab 738ISM
probe. Flammability tests were performed by placing a few
drops of electrolyte on 10 × 1 cm glass ber strips which were
subsequently exposed to a butane ame.

2.3 Raman spectroscopy

Raman spectra were obtained from a Renishaw Raman spec-
trometer InVia (2013) using a 785 nm laser source (laser power
of 1.5 mW) and grating of 1200 lines per mm. The spectra were
analyzed with the WIRE 5.4 soware (Renishaw Inc.). Aer the
spectra were collected, the baseline was subtracted and the
peaks were normalized based on the highest intensity peak.

2.4 Nuclear magnetic resonance (NMR) spectroscopy

The neat solvent and electrolyte NMR spectra were recorded on
a 400 MHz JEOL ECZ spectrometer. Anhydrous dimethyl sulf-
oxide (DMSO)-d6 (99.9%) from VWR was used as a deuterated
solvent and was dried with molecular sieves prior to use. To
prepare the NMR samples, an outer borosilicate tube (5 mm)
was lled with the DMSO-d6 reference and an inner uorinated
ethylene polypropylene (FEP) sample tube liner (3 mm) was
lled with the neat solvent or electrolyte, to prevent interactions
between the reference solvent and the electrolyte sample. Both
tubes were closed with poly(tetrauoroethylene) (PTFE) plugs.
All NMR samples were prepared in an argon-lled glovebox (O2

< 1 ppm and H2O < 1 ppm). 1H-NMR, 7Li-NMR and 13C-NMR
spectra were recorded.

2.5 Molecular dynamics

Classical MD simulations were performed to analyse the
solvation structure of the studied electrolytes. This analysis was
done by applying the non-polarizable OPLS-AA force eld
approach to Newton's equations of classical motion.38 The
overall potential includes the summation of all non-bonded
interactions (Lennard-Jones (LJ) and Coulomb potentials), as
well as the harmonic bond and angle terms, and the dihedral
term. A scaling factor for both van der Waals and coulombic
interactions was set to 0.5 for interactions between atoms which
were separated by more than three covalent bonds. The afore-
mentioned parameters and the topology of the system for both
the ions and solvents were generated using a Python tool
Table 1 Number of molecules used in the HCE and the LHCE systems.
Themolar ratios were obtained from the number of molecules present
with a limitation of approximately 550 molecules

Solvents Salt con. (M) Molar ratio Nsalt NTEP NTTE/BTFE Ntotal

TEP 1.0 1 : 6 78 468 — 546
3.0 1 : 2 183 366 — 549

TEP/TTE 1.0 1 : 1.2 : 2.2 125 150 275 550
1.2 1 : 1.2 : 1.6 145 174 232 551
1.5 1 : 1.2 : 1.2 172 172 206 550

TEP/BTFE 1.0 1 : 1.2 : 2.4 120 144 288 552
1.2 1 : 1.2 : 1.8 138 166 288 552
1.5 1 : 1.2 : 1.4 162 162 227 551

This journal is © The Royal Society of Chemistry 2023
developed by Agilio Padua's group, ‘ff tool’.39 The systems were
composed as shown in Table 1, similar to Cao et al. andWang et
al. using Packmol.9,40,41 Here, the maximum number of mole-
cules in the simulation box was limited to about 550. To
perform the molecular dynamics simulations, GROMACS
version 2021.3 was used.

Energy minimization was carried out through the conjugate
gradient algorithm, where a steepest descent step was per-
formed every ten steps. The entire equilibration phase was
performed under the NpT ensemble. Firstly, a short leap-frog
stochastic dynamics (SD) routine was performed for 200 ps at
300 bar and with particle velocities generated by a Maxwell
distribution at 298 K.42 This step was followed by another SD for
20 ns at 1.0 bar and 298 K using a Berendsen barostat with
a coupling time of 1.0 ps.43 Then, a longer production run was
performed for 50 ns using Parrinello–Rahman's barostat and
a velocity-rescale thermostat.44,45 The coupling times were set to
5.0 ps and 0.1 ps, respectively. Furthermore, all hydrogen bonds
were kept constrained, a LINCS algorithm was used to keep the
bond length xed, and Ewald summation was used for Coulomb
interactions.46,47 For all interactions, a 1.2 nm cut-off was used.
The LJ potential was smoothly switched off between 1.0 and
1.2 nm. All analyses were performed using GROMACS's tools.
The spatial distribution function (SDF) analysis and visualiza-
tion were done from the MD trajectories using TRAVIS.48,49

Furthermore, a visual molecular dynamics (VMD) tool was used
to visualize isosurfaces generated from TRAVIS’ SDF program.50

To calculate the SDF isosurfaces, the oxygen atoms (O4 and O3)
and P atoms of TEP were used as the reference, as well as the N
atom of FSI.

2.6 Density functional theory (DFT)

Single-point self-consistent density functional theory calcula-
tions were performed for the conventional and highly concen-
trated electrolytes, as well as for the LHCEs. All calculations
were performed using the Head-Gordon's DF uB97X including
D3 correction, with the 6-311++G(d,p) basis set and with DFT-
D3(BJ) optimized correction by Najibi and Goerigk.51–53 Those
calculations were followed by geometry optimization for the salt
concentrations dened in Table 1 using the 6-31G basis set. The
level of theory and correction applied are commonly used in
geometry optimization, non-covalent interactions, prediction of
conformational energies, as well as barrier heights of transition
states.54 The non-covalent interaction (NCI) analysis or reduced
density gradient (RDG) method (see the description in the ESI†)
was performed using the multifunctional wavefunction
analyzer Multiwfn.23,55 All calculations were performed using
ORCA-v.5.0.3.56,57

2.7 Electrochemical measurements

The operando electrochemical pressure measurements were
carried out using a helium-leak tested pressure cell (PAT-Cell-
Press) of El-Cell®GmbH and a Biologic potentiostat. The PAT-
Cell-Press consists of a lower plunger, upper plunger and
insulation sleeve which were all used as delivered by El-Cell. The
plungers are made of aluminum and copper, acting as current
J. Mater. Chem. A, 2023, 11, 4111–4125 | 4113
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Fig. 1 Dynamic viscosity measurements for 3.0 M LiFSI in TEP (HCE),
1.5 M LiFSI in TEP/BTFE (LHCE) and 1.5 M LiFSI in TEP/TTE (LHCE).
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collectors. The insulation sleeve contained a pre-dried
borosilicate-glass ber separator (Whatman®, grade GF/A,
18 mm diameter, 260 mm). The cell setup was helium-leak
tested and guaranteed a maximum leakage rate of 0.3 mbar
h−1. The cells were assembled with 100 mL electrolyte in an
argon-lled glovebox (O2 < 1 ppm and H2O < 1 ppm). The initial
stack pressure of the cells might differ slightly, because the
upper lid of the cell is closed manually. Aer assembly the cells
were placed in a climate chamber (KB53, Binder (KGmbH)) and
cycled at 30 °C using a Biologic potentiostat. The cells were
cycled according to 3 formation cycles at C/10 between 3.0 V and
4.2 V.

The plating and stripping experiments were conducted on an
Arbin laboratory cycling system, at room temperature (around
20 °C). Lithium was purchased from Cyprus Foote Minerals,
had a thickness of 125 mm and was used as delivered. Lithium
acted as the counter electrode and the foil was punched into
disks with a diameter of 10 mm. Copper was used as the
working electrode and had a diameter of 13 mm. The copper
was washed with ethanol and dried overnight at 60 °C. All cells
were cycled using glass ber (GF/A Whatman®, 20 mm diam-
eter, 160 mm thick). The plating and stripping experiments were
executed according to the reservoir method, which is described
in more detail elsewhere.58 A plating current density of 0.5 mA
cm−2 was applied for 10 hours, followed by a stripping current
density of 0.5 mA cm−2 for 10 hours. Subsequently, 0.5 mA cm−2

was applied for 4 hours (plating), which was followed by 10
cycles of 0.5 mA cm−2 for 2 hours (stripping and plating).

The electrolytes were also tested in half- and full-cell pouch
congurations. The half-cells were assembled using lithium
with a diameter of 10 mm and either NMC622 or graphite with
a diameter of 13 mm. Prior to use, the electrodes were dried
under vacuum for 12 hours. Pouch cells were assembled in an
argon-lled glovebox. The galvanostatic cycling tests were per-
formed on a LAND battery testing system (model CT2001 A), at
room temperature (around 20 °C). The cells were kept at OCV
for 12 hours prior to cycling to ensure proper wetting of the
electrodes.
2.8 Operando X-ray diffraction

Operando synchrotron X-ray powder diffraction (SXRD) was
conducted at the DanMAX beamline located at the MAX IV
laboratory in Lund, Sweden. Data were collected from a regular
pouch cell mounted in transmission geometry using a Dectris
Pilatus3 2 M CdTe detector with a wavelength (l) of 0.35424 Å
(35 keV) as determined by LaB6 standard.
Fig. 2 An overview of the flammability experiment. Figure (a) repre-
sents LP40, figure (b) represents 1.5 M LiFSI in TEP/BTFE and figure (c)
represents 1.5 M LiFSI in TEP/TTE.
3 Results and discussion
3.1 Physicochemical properties – viscosity, ionic
conductivity and ammability

Fig. 1 shows the dynamic viscosity data for the studied HCE and
LHCE electrolytes in the temperature range of 10–40 °C. The
decrease in the viscosity is more than 10-fold when the diluent
is added to HCE. The ion pairs and aggregates that are formed
in the highly concentrated electrolyte increase the electrostatic
4114 | J. Mater. Chem. A, 2023, 11, 4111–4125
interaction signicantly, hence the high viscosity values. It
should be noted that the viscosity of the HCE is not measured
below 20 °C due to limitations in the range of the viscosity-
meter (maximum viscosity is 90 mPa s). The viscosity of the
TTE based electrolytes is slightly higher than for the BTFE based
electrolytes. However, for both LHCEs the viscosity values were
signicantly reduced and therefore the wettability was
enhanced.

The ionic conductivity of the electrolytes was measured at
room temperature. Following the trend from the viscosity
measurements, the ionic conductivity (k) for 3.0 M LiFSI in TEP,
1.5 M LiFSI in TEP/BTFE and 1.5 M LiFSI TEP/TTE were equal to
0.5 mS cm−1, 2 mS cm−1 and 1.6 mS cm−1, respectively. The
ionic conductivity for both LHCEs is slightly improved
compared to the HCE, but it is still less than that of conven-
tional electrolytes (5–10 mS cm−1), which is non-ideal in terms
of electrochemical kinetics.59 These ionic conductivity values
could be improved, by for instance an increase in diluent
concentration. However, this might affect the electrochemical
performance and thus great care in optimizing the solvent
mixture is required.

In Fig. 2, the photo recordings of the ammability experi-
ments are shown. The commercial LP40 electrolyte easily
catches re when the butane torch hits the soaked glass ber
strip, whereas both LHCEs appeared to be non-ammable, even
aer multiple attempts of exposing the butane ame to the
This journal is © The Royal Society of Chemistry 2023
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soaked glass ber. It should be mentioned that gaseous fumes
were formed, which might be ammable when higher temper-
atures are reached. The ammability of the bulk LHCEs is
negligible compared to LP40, however the gaseous fumes might
still be problematic if certain temperatures are reached during
battery failure.
3.2 Raman spectroscopy

By varying the salt concentration in electrolytes, one can alter
the coordination behavior of Li+. The effect of varying the salt
concentration is analyzed by Raman spectroscopy. From Fig. 3a
it can be seen that the peak at 1100 cm−1, attributed to CH3 in
TEP, is not shied upon dilution. The fact that this peak does
not shi tells us that dilution does not affect the solvation
structure of Li+ and TEP at this particular CH3 bond, in the
LHCE based on BTFE. The stretching S–O peak at 1225 cm−1 is
assigned to dissolved LiFSI. When the LiFSI concentration is
increased (from 1.5 M to 3.0 M), the number of FSI anions are
increased accordingly and tends to enter the Li+ solvation
sheath, because not all TEP solvent molecules can coordinate
the Li+. This eventually leads to the formation of contact ion
pairs (CIPs) and aggregates (AGGs). When the salt concentra-
tion increases, the Li+ cations tend to be fully coordinated with
the solvent. In other words, less free solvent is available in the
electrolyte, which also allows anions to interact with the Li+

cations and form contact ion pairs or even aggregates when the
anion is coordinated to two or more cations.60 It should be
mentioned that the Raman spectra do not indicate at which
concentration contact ion pairs and aggregates start to be
formed. Another interesting observation is the change of the
peak around 1290 cm−1. This peak is attributed to the PO
stretching vibration in TEP and indicates changes in the
Li+–TEP coordination.61 The peak is strongly present in neat
TEP, disappears in 1.0 M LiFSI in TEP, but becomes more
profound in diluted 1.2 M LHCE. In a study by Yamada et al., it
has been shown that the abundance of free FSI anions can be
indicated by a vibration peak around 717 cm−1.62 This peak will
be blue shied to about 730 cm−1 if the anions form CIPs and
AGGs. However, since the stretching P–O–(C) peak of TEP
Fig. 3 Raman spectroscopy of LHCEs based on (a) BTFE and (b) TTE in

This journal is © The Royal Society of Chemistry 2023
vibration is also present around 730 cm−1 the possible devel-
opment of CIPs and AGGs can unfortunately not be shown for
this particular electrolyte chemistry. Nevertheless, to gain
a more complete insight into the solvation structure of Li+–TEP,
13C-NMR measurements were performed and are discussed in
the next section.

In Fig. 3, it is also shown how BTFE and TTE effect the
solvation structure in LHCEs. The stretching S–O peak at
1225 cm−1 is assigned to dissolved LiFSI and does not change
upon dilution. According to these observations it may be
concluded that, in agreement with previous studies on LHCEs,
the diluents BTFE and TTE have a minimal effect on the
solvation structure obtained in HCEs.10,35,63 However, these
studies oen only discuss a selected range of the spectrum. If
a broader range of the spectrum is considered, some ambigui-
ties are present. For instance, in Fig. 3 it can be seen that the
peak at 1290 cm−1 (PO stretching) changes signicantly while
the peak at 1450 cm−1 (CH2 bending) changes slightly when the
diluent content is increased. The PO stretching peak in neat
TEP becomes less profound in 1.0 M LiFSI TEP, due to the
solvation of Li+ and TEP. For the highly concentrated electrolyte
(3.0 M) and the diluted electrolytes (1.5 M and 1.2 M), the peak
position is slightly shied to larger wavenumbers. This obser-
vation could mean that the diluents experience interaction with
the solvation sheath of Li+–TEP and thus the highly concen-
trated solvation structure is not as well preserved as previously
claimed. According to our interpretation the determination of
the solvation structure via Raman spectroscopy is not conclu-
sive, but rather indicative, and we therefore argue for deeper
understanding of the solvation structure via a complementary
technique such as NMR. To conrm whether the highly
concentrated solvation structure, which is dominated by
Li+–TEP solvation, is preserved or not, 13C-NMR spectroscopy
was performed.

3.2.1 7Li-NMR and 13C-NMR spectroscopy. The effects of
different diluents on the solvation structure were further
studied by 13C-NMR. A complete overview of the 13C-NMR
spectra of the LiFSI in TEP/BTFE and LiFSI in TEP/TTE elec-
trolytes is shown in the ESI in Fig. S5.† However, to provide
the wavelength range of 1000 cm−1 to 1500 cm−1.
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more detailed insights, here the effect of certain carbon groups
in TEP, BTFE and TTE is presented. First, it is discussed how the
salt concentration affects the environment of the carbon groups
in TEP. Then, the effect of increasing diluent content is
discussed.

From Fig. 4 it can be observed that the peak around
62.2 ppm, corresponding to the carbon of the CH2 group in TEP,
is shied to 62.7 ppm (d = 0.5 ppm) when 1.0 M LiFSI salt is
added to neat TEP. When the salt concentration is increased to
3.0 M LiFSI, the downeld shi becomes even more profound
and appears at 63.8 ppm (d = 1.6 ppm). This downeld shi is
expected upon increase in salt concentration, since this indi-
cates a stronger interaction between Li+ and TEP. As shown in
Fig. 4c and d the peak corresponding to the CH3 group in TEP,
around 15.0 ppm, is shied upeld to 14.5 ppm (d = 0.5 ppm)
upon increase in salt concentration. This indicates a more
electronegative rich environment around these carbon groups,
possibly because of inuence of the FSI anions around these
CH3 groups.

When the LHCEs are diluted with either BTFE or TTE, the
peak shis are intensied and although the diluents do not
directly interact with Li+, the Li+–TEP solvation sheath is expe-
riencing different interactions upon dilution. This chemical
shi is more signicant when TTE is used as a diluent, which
could be explained by a stronger affinity to the Li+–TEP solvation
Fig. 4 13C-NMR spectra of the CH2-group in (a) BTFE and (b) TTE based e

4116 | J. Mater. Chem. A, 2023, 11, 4111–4125
sheath (due to its larger dielectric constant and thus solvation
ability). This is also in agreement with a study performed by Ren
et al., where the effect of different hydrouoroethers was
studied in sulfone based LHCEs for lithium-metal batteries.35

To even further understand the solvation behavior in these
LHCEs, it could be interesting to perform 17O-NMR, from which
Li+ interactions with both oxygen in the sulfonyl group of FSI as
well as with oxygen groups in BTFE or TTE can be observed.34

However, this requires specic tuning of the NMR equipment
(5 mm dual-broadband probe tuned to 67.76 MHz, measure-
ment done at 60 °C), where the temperature effect might also
inuence the solvation behavior.

The characteristic carbon peaks of CH2 in BTFE and TTE are
shown in Fig. 5. Based on the value of the dielectric constants of
TTE and BTFE (3 = 6.2, 3 = 4.4), TTE could cause stronger
interactions with the Li+–TEP solvation complexes. This
stronger interaction could enable a more stable localized highly
concentrated electrolyte structure. The CH2 group in BTFE
experienced marginal (negligible) chemical shis (d < 0.1 ppm)
when the diluent was added and its content increased. In
contrast, a more signicant shi (d = 0.4 ppm) can be observed
in the characteristic CH2 group of TTE. This indicates that TTE
experiences interaction with the Li+–TEP solvation structure.
The characteristic peak of CH2 in neat TTE is shied downeld
(deshielded, less electrons around the nucleus) when added as
lectrolytes. 13C-NMR spectra of the CH3-group in (c) BTFE and (d) TTE.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 13C-NMR spectra of LHCEs based on (a) BTFE and (b) TTE. The carbon groups corresponding to these peaks are highlighted in red in the
molecular structures.
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a diluent in the electrolyte. This can possibly be explained by
enhanced interaction with Li+. A similar trend was observed by
Yang et al. where an increase of LiPF6 concentration caused
a large downeld shi (d = 1.4 ppm) of the carbonyl carbon in
ethylcarbonate.64 This downeld shi was explained by the
enhanced interaction of Li+ with this carbonyl group. When the
diluent content is increased further, the carbon group is shied
upeld (shis back to the same position as in neat TTE) and
thus possibly experiences decreased interaction with Li+,
enhanced interaction with FSI or enhanced interaction with the
diluent. These interactions will be further discussed in the
following sections on MD and DFT. Overall, the 13C-NMR
experiments have shown that both diluents have a similar
effect on the CH2 and CH3 carbon groups in TEP. The CH2

carbon group in TTE, however, experiences a more signicant
change in chemical shi upon increase in concentration
compared to the CH2 group of BTFE. The interactions on the
uorine atoms in these electrolytes have also been investigated
by 19F-NMR and are shown in Fig. S8 and S9.† Similar behaviour
is observed, where the chemical shis on the uorine groups
are more apparent in the TTE based electrolytes compared to
Fig. 6 7Li-NMR spectra of (a) BTFE and (b) TTE based electrolytes in the

This journal is © The Royal Society of Chemistry 2023
the BTFE based electrolytes, indicating a stronger inuence on
the solvation structure.

In Fig. 6 the 7Li-NMR spectra are shown and it can be
observed that Li+ is shielded when the salt concentration
increases (enhanced Li+–TEP solvation) and experiences
deshielding when the diluent concentration is increased, in
both BTFE and TTE based electrolytes. This indicates that the
Li+ has less electrons around, possibly caused by decreased
Li+–TEP interaction (less strong interaction, and thus less
shielding). The effect seems strongest in the BTFE based elec-
trolyte. This indicates that the choice of diluent has a signicant
effect on the solvation structure and NMR provides more
detailed insights into the solvation structure than Raman
spectroscopy.
3.3 Classical molecular dynamics simulations

3.3.1 Energetics. It is intuitively assumed that the electro-
static interactions between the HCE components play an
important role in the dynamics of the Li+–TEP solvation sheath.
To evaluate how the components of the LHCEs interact with
each other and account for the reduced viscosity, Fig. 7a shows
range of 2.0 ppm to 1.4 ppm.

J. Mater. Chem. A, 2023, 11, 4111–4125 | 4117
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Fig. 7 (a) Coulomb and (b) LJ interactions of the Li+ cations with FSI anions, TEP, and either TTE or BTFE for different salt concentrations.
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the average Coulomb interactions and Fig. 7b shows the LJ
energies calculated from the MD simulations for the pairs Li–
FSI, Li–TEP, and either Li–TTE or Li–BTFE.

By increasing the salt concentration from 1.0 M to 3.0 M
LiFSI in TEP, the Coulomb interactions of Li–FSI (ion-pairing)
increase by a factor of approximately 5.5, while for the Li–TEP
interaction, it is raised by a factor of about 1.5. However, the
Li+–TEP intensities are stronger because there are more TEP
molecules than FSI anions, which accounts for a higher number
of Li+–TEP interactions. Within the LHCEs, the interactions
between the cation and the diluents are lower compared to both
the anion and the TEP molecules, reaching down about two
orders of magnitude on average for each salt concentration.
This means that FSI and TEP are aggregating around the Li+,
hindering its interaction with both TTE and BTFE (see also Fig.
S10 in the ESI†). Furthermore, by diluting the HCE (1.5 M in
TEP/TTE and TEP/BTFE) the Li+–FSI interaction is enhanced,
whilst the Li+–TEP interaction is reduced. This indicates that
CIPs or solvent-shared ion pairs are formed, which can be
explained by the fact that the addition of TTE and BTFE, which
contain uorine atoms in their structures, highly electronega-
tive ones, promotes the repulsion of the FSI anion, favoring the
interactions between Li+ and FSI−. As a consequence of this
effect, the RDF for Li+–FSI− shown in Fig. 9a2 at∼3.0 Å increases
with dilution, which reects on the increasing of the CN of Li+

and electronegative atoms of FSI−. Regarding the RDF for
Li+–TEP shown in Fig. 9a3, the rst peak does not show any
difference with respect to the HCE regime shown in Fig. 9a1.
However, the second peak increases in intensity as the system is
diluted, reaching the same intensity as the conventional elec-
trolyte. This behavior is also observed in aqueous electrolytes,
where the cations bind to the ether oxygen of the polymeric
solute when the system is diluted.65

The more diluted the LHCE becomes, the less strong the Li–
FSI interaction becomes (1.5 M down to 1.0 M in TEP/TTE and
4118 | J. Mater. Chem. A, 2023, 11, 4111–4125
TEP/BTFE) because the number of ion pairs relative to the
number of molecules of the diluent decreases. In the case of the
Li–TEP interaction, the energetic variation with the dilution is
very small, which indicates the formation of aggregates with the
ions. The LJ interactions between Li+ and the diluents TTE and
BTFE are also negligible, being about three orders of magnitude
lower than the FSI–TEP interaction. All other Li–TEP and Li–FSI
LJ interactions are repulsive, but vary in intensity depending on
the salt concentration.

According to this analysis, the salt concentration plays an
important role in the way the solvation sheath behaves. The
large Coulomb interactions of Li+–FSI and Li+–TEP keep the
nucleus of the LHCE solvation sheath cohesive, whereas the
long-distance LJ interaction of FSI–TEP and FSI–TTE/BTFE
should maintain the Li solvation sheath enclosed and pro-
tected, which is desirable when it comes to the preservation of
the solvation structure of the electrolyte.

3.3.2 Structural analysis. As mentioned earlier, the Raman
results indicated that neither TTE nor BTFE signicantly affects
the HCE solvation sheath. However, these vibrational spec-
troscopy results turn out to be an indication of whether the
solvation sheath of Li+–TEP is preserved or not. To better
understand the effect of the diluents on the solvation sheath 13C
NMR was performed. Since this technique relies on the electron
cloud around the nucleus, which is well-known to change under
both different chemical environments and atomic bonds, the
observed chemical shis are an indication of how each mole-
cule is interacting with the Li+ cation. MD simulations can
thereby help us to understand how the salt concentration, type
of solvent and diluents affect the solvation sheath of Li+–TEP.

3.3.2.1 Conventional and highly concentrated electrolytes
(HCEs). Fig. 8a shows the radial distribution function (RDF) and
Fig. 8b the coordination number (CN) of Li+ cations with respect
to the FSI anions and TEP solvent molecules. Firstly, the RDF of
1.0 M LiFSI in TEP shows an intense peak at 3.0 Å attributed to
This journal is © The Royal Society of Chemistry 2023
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Fig. 8 (a) Radial distribution function and (b) coordination number (CN, right-hand side) of Li+ with respect to the center of mass of both FSI
anion and TEP solvent for each of the labelled salt concentrations.
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the FSI anion and an even higher peak at 3.5 Å for TEP mole-
cules. From Fig. 8b it can be observed that the coordination
number (CN) tends to converge to 2 for both species upon
increase in salt concentration. For the anionic species this
behavior starts around 4.2 Å and for TEP at 4.8 Å. These results
highlight the importance of the salt concentration in forming
a specic solvation sheath around the Li+ cation. Also, it was
possible to see that CIPs can be formed at high salt concen-
trations, because the RDF for FSI anions becomes higher than
for TEP.

From Fig. 9 it can be analyzed which atoms are the main
cause for the aforementioned observations. The RDF in Fig. 9a
Fig. 9 (a) The RDF for Li+ with respect to oxygen atoms in both FSI and
concentration. The inset shows the SDF for 1.0 Mwhere the purple, green
figure (b) the respective CN is shown.

This journal is © The Royal Society of Chemistry 2023
indicates that the oxygens from TEP and FSI are the main
contributions to the observed solvation structures, which is
depicted as an inset of the gure. This inset shows the spatial
distribution function (SDF) of Li+, FSI's nitrogen atoms, and
both O4 and P atoms from TEP with respect to O3, O4, and P
from TEP. More specically, the TEP's double-bonded oxygens
(O4) are contributing most to this high peak in the RDF,
regardless of the salt concentration. Regarding the CH2 groups,
the RDFs in Fig. 9 show very small values compared to the
others, and the CNs only become higher than 1 for r above 3.5 Å
for both salt concentrations. These results indicate that
a stronger interaction between Li+ ions and oxygens is causing
TEP, as well as the carbon atoms of the CH2 group of TEP for each salt
, and yellow isosurfaces correspond to Li+, FSI, and TEP, respectively. In
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the electronic deshielding of the carbon atoms in the CH2

groups because the charge ows towards the oxygen atoms
which are interacting with Li+. Moreover, the CH2 group shows
a second peak at 4.1 Å, which indicates some interaction
between Li+ and TEP's carbon groups. A redistribution of the
electronic charge of the CH2 group takes place because Li+ is
both interacting with the O4 atom of TEP as well as with CH2.
The carbon atoms of CH2 would then be electronically
deshielded, whereas the CH3 would be shielded because it also
interacts with the uorine of FSI (see also Fig. S11 and S13 in the
ESI†). This outcome explains the observed NMR downeld
shis in Fig. 4a and b, and the NMR upeld shis in Fig. 4c and
d.

3.3.2.2 Dilution of HCE with TTE/BTFE (formation of LHCEs).
To analyse the effect of the solvation sheath upon dilution with
TTE or BTFE, the HCE was diluted to obtain a salt concentration
of 1.5, 1.2 and 1.0 M using MD simulations. In Fig. 10a the RDFs
and CNs are shown for Li+ with respect to the center of mass
(COM) of the electrolyte components (solvent, diluents, anion).
The RDFs of the LHCEs (Fig. 10a2 and a3) show the same trend
as the HCE (Fig. 10a1), whereby the TEP peak position is not
shied. This means that the solvation sheath is structurally
maintained, regardless of the salt concentration. The same
observation could be seen for the LHCE based on BTFE.
Therefore, the overall picture is the same for both TTE and BTFE
diluents.

Even though the CNs for both TTE (Fig. 10a4) and BTFE
(Fig. 10a5) are practically null, their RDFs show a small
Fig. 10 (a1) to (a5) RDFs (left) and the CNs (right) for the cation with respe
and (c) show the SDFs for 1.5 M LiFSI in TEP/TTE and 1.5 M LiFSI in TEP/BT
cyan surfaces, respectively).

4120 | J. Mater. Chem. A, 2023, 11, 4111–4125
difference. This indicates that BTFE is less prone to direct
interaction with the cations, and thus with the Li+–TEP solvation
sheath. To provide more insights about the interactions in the
solvation sheath, the SDF's for Li+, FSI's nitrogen atoms, and
both O4 and P atoms from TEP are shown in Fig. 10b and c. The
HCE's rst minima of the RDF were considered for the SDF's
thresholds. Specically, for TTE and BTFE, the SDF was calcu-
lated up to 8.0 Å. It can be seen in Fig. 10c that TTE interacts
with TEP and that TEP interacts with Li+. However, this is not
observed for BTFE. These interactions can explain the chemical
shis observed in the 13C-NMR spectra for CH3 in Fig. 4.

The MD simulations show interesting insights with regards
to the observed 13C-NMR chemical shis (see Fig. 4) of the
LHCEs. The intensity of the RDF peak between the Li cations
and the TEP's CH2 moiety is strongest for 1.2 M TEP/BTFE (see
Fig. S11a,†) which is even stronger than for the highly concen-
trated electrolyte. This could be associated with the small
upeld shi observed experimentally in Fig. 4a. The same holds
for 1.5 M TEP/BTFE. However, besides the interaction of Li+

with carbons of the CH2 groups, FSI also interacts with these
CH2 groups (see Fig. S12b.† These interactions, together with
the Li–TEP interactions, are causing the observed shielding
around the carbon nucleus. The same reasoning can be applied
to the TTE based LHCE (see Fig. 4b). Regarding the experi-
mental shi of the CH3 groups, shown in Fig. 4c and d, the
experimental results show more intense upeld shis for the
LHCE with a concentration of 1.2 M and 1.5 M. The RDF peaks
show similar trends between Li+ and the carbon atoms (see
ct to pure TEP, and for FSI, TEP and TTE in TEP/TTE solution. Figures (b)
FE (Li+, FSI−, TEP and the diluent are shown as purple, yellow, green and

This journal is © The Royal Society of Chemistry 2023
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Fig. S11b.†However, instead of Li+ interacting with FSI's oxygen
(Fig. S12c†), there is some interaction between Li+ and the
uorine atoms of the diluents. These interactions can explain
the experimentally observed upeld shis.

3.3.3 Density functional theory simulations. To further
evaluate the effect of increased salt concentration in the
conventional and localized highly concentrated electrolyte, NCI
analysis was performed based on the RDG of the systems.22,23 A
brief overview of the method, as well as a detailed discussion of
the results, can be found in the ESI.† It has been shown in
several studies that NCI can be employed to analyse interactions
in both simple and complex systems, including giving insights
on NMR results.25,27,66,67

In the conventional electrolyte system, Li+ bonds to four
oxygen atoms: one TEP double-bonded oxygen (1.88 Å), two
oxygens close to CH2 group (2.0 Å), and one FSI oxygen (also 2.0
Å). In the case of the HCE, the same bond length is observed,
but Li+ bonds to two FSI oxygens, which cause the uorine
atoms to change direction compared to the conventional
regime. The NCI analysis on the conventional electrolyte indi-
cates that there are attractive interactions between FSI[S] and
TEP[O2] (which is bonded to an ethyl group), and well localized
van der Waals (vdW) interactions between FSI[F/O] and both
CH2 and CH3. In the HCE regime, the FSI[S] interacts with TEP
[O1], and both oxygen and uorine atoms of each sulphur make
different contributions to the CH2 and CH3 groups. Further-
more, it is observed that for 1.0 M LiFSI in TEP the closest
distance between the FSI[O] and H is the same for both carbon
groups (2.31 Å), but for 3.0 M LiFSI in TEP the distance for the
CH3 group is increased to 2.63 Å. The distance of FSI[F]–H
Fig. 11 Pressure evolution in 3-electrode cells with NMC622 vs. graphite
LiFSI in TEP/BTFE and (d) 1.5 M LiFSI in TEP/TTE.

This journal is © The Royal Society of Chemistry 2023
increases from 2.25 Å (1.0 M) to 2.38 Å (3.0 M) for the CH2 group,
but decreases from 2.59 Å (1.0 M) to 2.38 Å (3.0 M) for the CH3

group. These changes in the HCE regime contribute to the
observed experimental chemical shis, since the interactions of
CH2 and CH3 groups with atoms of different electronegativities
move the electronic charge from the carbon of CH2 towards the
O1 and the carbon of the CH3 group.

Considering the addition of TTE, the main differences with
respect to the HCE consists of the vdW interaction between FSI
[O] and the CH2 group, and on the TTE[F] interacting with the
CH3 group, which is a contribution to the observed NMR
chemical shi of Fig. 4d. An attractive interaction between TEP
[O4] (double-bonded oxygen) and CH2 group of another TEP
molecule has been observed. In contrast to the HCE regime, no
attractive interaction was observed between FSI[S] and TEP[O],
but by changing the co-solvent to BTFE, this interaction arises
again stronger than in the HCE. Furthermore, FSI[N] has an
attractive interaction with both CH3 groups and with FSI[O] that
is bonded to the cation. Therefore, the relative preference for
interaction with CH3 groups could explain the observed chem-
ical shis in Fig. 4.
3.4 Electrochemical performance and operando pressure
evolution measurements

The electrochemical performance was tested by means of gal-
vanostatic and operando pressure measurements. These
measurements were performed to gain insights in pressure
evolution during SEI formation, to indicate the stability of the
electrolyte during formation cycles. Fig. 11 displays the pressure
(Li-metal reference). (a) 1.0 M LiFSI in TEP, (b) 3.0M LiFSI in TEP, (c) 1.5 M
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Fig. 13 Densiometric view of diffraction patterns during operando-
SXRD of a NMC622 vs. graphite pouch cell (top) and the corresponding
electrochemical behavior (bottom).
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evolution during 3 formation cycles (at C/10) of NMC622jgra-
phite cells with (Fig. 11a) conventional 1.0 M LiFSI in TEP,
(Fig. 11b) 3.0 M LiFSI in TEP (HCE), and 1.5 M LiFSI in TEP with
either (Fig. 11c) BTFE or (Fig. 11d) TTE diluents. It can be clearly
observed that there is signicant pressure evolution and no
stable cycling behavior when using the 1.0 M LiFSI in TEP
electrolyte. This cell does not only show signicant pressure
evolution, but also suffers from an extreme potential increase in
NMC622. This potential increase is accompanied by two voltage
plateaus on the graphite electrode during the rst charge, one
short plateau around 1.0 V and one long plateau around 0.8 V.
Since no classic lithium intercalation in graphite is observed, it
is conceivable that other side reactions such as electrolyte
decomposition or solvent co-intercalation are taking place.63

Regular Li intercalation into graphite results in approximately
10% volume expansion, which corresponds to a pressure
increase of several mbar.68 Here, approximately 400 mbar of
pressure increase is observed during the plateau at 0.8 V on the
graphite. This is the major contribution to the observed pres-
sure increase and is indicative of solvent (TEP) co-intercalation,
which was further investigated by in situ XRD measurements
(see below).68

In Fig. 11c and d, the pressure evolution of NMC622jgraphite
cells during 3 formation cycles at C/10 is shown for the 3-elec-
trode cells cycled with LHCEs of 1.5 M LiFSI in TEP with BTFE or
TTE. Compared to the 1.0 M LiFSI TEP where a signicant
pressure increase was detected, a minimal amount of pressure
increase is observed for both LHCEs. Phosphate based electro-
lytes tend to easily decompose by reduction on the anode, which
explains the formation of gaseous products. From the results
presented in Fig. 11 it can be seen that this effect is minimized
by using the approach of LHCEs, which relies on the concept of
high salt concentration and reduced solvent activity on the
anode. The stable formation cycles and ICE of about 80%
indicate the formation of an appropriate SEI. However, it should
be mentioned that the BTFE based electrolyte did not show very
good reproducibility with respect to pressure evolution. Fig.
S18† shows an example of a cell with the BTFE based electrolyte
which causes about 80 mbar pressure increase during the
formation cycles. A similar trend was shown during cycling in
pouch cells, in which rather unstable and not very reproducible
electrochemical data were obtained. In contrast, the TTE based
electrolyte showed better reproducibility.
Fig. 12 Discharge capacities of 3-electrode cells with NMC622 vs. graph
based electrolyte.

4122 | J. Mater. Chem. A, 2023, 11, 4111–4125
The areal discharge capacity curves in Fig. 12 show that the
cell with the TTE based electrolyte has signicantly higher areal
discharge capacities than the BTFE based electrolyte. Also, the
polarization is signicantly lower for the TTE based electrolyte,
reducing the initial irreversible capacity loss. This is remark-
able, since the BTFE based electrolyte has better physico-
chemical properties (i.e. low viscosity and high conductivity).
So, even though the physicochemical properties of the BTFE
based electrolyte are better, the better electrochemical perfor-
mance of the TTE based electrolyte might be attributed to the
formation of different solid electrolyte interphases on both the
anode and the cathode (more ionically conductive).
3.5 Operando X-ray diffraction

To shed light on the potential solvent co-intercalation into
graphite in 1.0 M LiFSI in TEP electrolyte, operando SXRD was
performed. The results are presented in Fig. 13, highlighting the
ite (Li-metal reference), using (a) BTFE-based electrolyte and (b) TTE-

This journal is © The Royal Society of Chemistry 2023
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main reections from the graphite electrode. As can be seen, the
(002) reection of pure graphite vanishes quite quickly and
a new intense reection corresponding to lithiated graphite
appears at lower scattering angles. The reection moves to
lower 2q as the cell is cycled, eventually reaching a more or less
xed position once the plateau at around 3.2 V starts, which
corresponds to the graphite plateau at 0.8 V from Fig. 11a. As
can be seen from Fig. 13, the equivalent d-spacing for the (001)
reection of LiC6 far exceeds that expected from fully lithiated
graphite (3.78 vs. 3.70 Å) seen in a recent study by Abe et al.69 It
can be concluded that the interlayer spacing between the
graphite sheets is larger than for LiC6, which is highly indicative
of co-intercalation of TEP. This observation of co-intercalation
agrees with the operando pressure measurements where
a signicant pressure increase was observed at the plateau of
0.8 V. A noteworthy feature is that the transition does not seem
to be reversible, which is also indicated by the electrochemical
behavior of the cell.

4 Conclusion

This study provides insights into the analysis of the solvation
structure of localized highly concentrated electrolytes and
operando pressure evolution during galvanostatic cycling. Using
two complementary techniques of Raman spectroscopy and
NMR-spectroscopy to study the solvation structure, we dis-
cussed the importance of hidden information due to over-
lapping peaks of electrolyte components. The results indicated
that both BTFE and TTE have a minimal inuence on the
solvation structure (Li+–TEP) of the TEP-based non-ammable
localized highly concentrated liquid electrolyte. However, 13C-
NMR has shown that the carbon groups in TEP experience
a change in solvation environment, when the diluent concen-
tration is increased. This effect is slightly more profound in the
TTE based electrolyte than for BTFE. This experimental nding
has also been conrmed by molecular dynamics simulations,
which has shown that both FSI and the diluents' uorine atoms
interact with the CH2 and CH3 groups of TEP. However, from
7Li-NMR experiments it has been shown that the Li+ in BTFE
based electrolytes experiences more signicant deshielding
than the TTE based electrolytes. This indicates a more signi-
cant change in the solvation sheath when BTFE is added to the
highly concentrated electrolyte, compared to when TTE is
added. So, different nuclei contributing to the solvation sheath
should be carefully analyzed to determine the effect of a diluent
on the solvation sheath.

Furthermore, molecular dynamics simulations have
conrmed the stable Li+–TEP solvation sheath of HCEs in
LHCEs. The coulombic interaction of Li+–TEP and FSI–TEP
becomes stronger by increasing the salt concentration. This
agrees with the observed high viscosity of the HCE. Upon add-
ing the diluents, we observed minor changes in coulombic
interactions and interactions between Li+ and TTE or BTFE are
negligible. This conrms the minimal inuence of the diluents
on the solvation structure observed by 13C-NMR. Furthermore,
the analysis by RDF on LHCEs showed interactions between
both Li+ and FSI's oxygens with TEP, which explain the observed
This journal is © The Royal Society of Chemistry 2023
chemical shis of CH2 groups in TEP. Moreover, it is also shown
that the observed chemical shis of the CH3 groups were caused
by the diluent's uorine atoms. DFT calculations and NCI
analysis have conrmed the aforementioned interactions that
contribute to the observed NMR chemical shis.

Even though the differences in the effect of the diluents on
the solvation sheath seem to be minor, the electrochemical
performance of the electrolytes is signicantly different. The
cycling performance of the lower-cost TTE based electrolyte was
more reproducible and showed enhanced stability during gal-
vanostatic cycling compared to the BTFE based electrolyte.
Furthermore, it has been shown that the LHCE with BTFE as the
diluent performs better in half-cells, but the LHCE with TTE as
the diluent shows higher coulombic efficiencies in full-cells and
Li-metal cells. This research thereby highlights that the choice
of diluent is important when designing an LHCE for a specic
battery application. Aer all, both diluents do effectively reduce
the pressure evolution compared to phosphate-based electro-
lytes with conventional 1.0 M and high 3.0 M salt concentration.
By operando XRD it was also shown that TEP co-intercalates into
graphite using 1.0 M LiFSI TEP electrolyte. The results empha-
size that the concept of LHCEs can be used to stabilize
phosphate-based non-ammable liquid electrolytes. This work
also paves the way towards further understanding of the inu-
ence of the diluent on the solvation structure and electro-
chemical performance of LHCEs.
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