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ABSTRACT: Diluted ionic liquid electrolytes are promising candi-
dates in next-generation batteries enabling the implementation of
lithium metal anodes. The diluent should fully mix with the ionic liquid
while not interacting with the Li ions to preserve the ionic liquid
character, which is beneficial for Li-metal electrode stability. We report
on the influence of a hydrofluoroether (HFE) diluent on ion dynamics
and nanostructure of an ionic liquid electrolyte. We show that the ionic
liquid and the diluent are fully miscible and that the solvation structure
of the Li ions is not affected by the presence of HFE. The increase in
the conductivity by the addition of the diluent is directly related to a
decrease in viscosity with faster dynamics of all ionic species. However,
the relative increase in mobility is considerably larger for the ionic
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liquid cation as a result of a preferred interaction with HFE. On the

microscopic scale, more complex local non-Gaussian diffusive dynamics are found, faster than what is expected from the self-
diffusion coefficient. The relative change of the dynamics with the addition of HFE on macro- and microscopic length scales
correlates well, which underlines the connection between the motions probed on different length and time scales.

1. INTRODUCTION

There is currently a rapid development of next-generation
electrochemical energy storage systems aiming to improve
capacity, safety, and sustainability with respect to the state-of-
the-art Li-ion technology. In particular, introducing lithium
(Li) metal as the anode instead of graphite is an important
route to increase the energy density of current battery systems
based on intercalation chemistries. It is also a prerequisite for
realization of the full potential of new conversion chemistries
(such as Li—S or Li—O,) where the very high capacity of the
cathode needs to be matched at the anode side." However,
plating and stripping of Li during cycling in the commercial
carbonate electrolyte result in a dendritic and mossy
morphology with the formation of dead lithium and safety
concerns if Li dendrites penetrate the separator.z’3 In addition,
the solid electrolyte interphase (SEI) on Li metal formed in
carbonate-based electrolytes is unstable, leading to a
continuous consumption of the electrolyte and active Li.
Thus, developing new electrolytes that are safe, form a stable
SEI, and prevent Li dendrite growth is of high importance to
realize Li-metal batteries.

Ionic liquid electrolytes (ILEs), where a Li salt is dissolved
in an ionic liquid, are regarded as safe electrolytes for battery
application due to the characteristic properties such as a wide
electrochemical stability window, high thermal stability,
nonflammability, and low vapor pressure.‘*’5 Adding a high
concentration of Li salt to the ionic liquid has shown to
increase the Li transference number, form a stable SEI on Li
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metal, suppress Li dendrite growth, and promote the rate
capability of Li-metal batteries.””® However, with increasing
Li-salt concentration, the viscosity increases and the ionic
conductivity decreases, and the wettability of separators and
electrodes is often poor. A strategy to address these issues is to
add a diluent to the electrolyte. The diluent must fully mix
with the electrolyte (no phase separation) while not interacting
with the Li ions to preserve their solvation structure, as well as
have a low viscosity and be stable toward other cell
components.9

One class of solvents that have been found to work well as
diluents for highly concentrated electrolytes is hydrofluor-
oethers (HFEs). HFE has been used as a diluent in highly
concentrated dimethoxyethane (DME)-based electrolytes with
both lithium bis(fluorosulfonyl)imide (LiFSI) and potassium
bis(fluorosulfonyl)imide (KFSI) salts resulting in the for-
mation of stable SEIs on metal anodes.'”'" Also, solvated ionic
liquid electrolytes have successfully been diluted with HFEs.
Dokko et al. showed that the Li-solvate structure in a glyme-
based solvate ionic liquid remains intact upon the addition of

Received: June 28, 2022
Revised: ~ September 4, 2022
Published: September 15, 2022

https://doi.org/10.1021/acs.jpcc.2c04503
J. Phys. Chem. C 2022, 126, 16262—16271


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Filippa+Lundin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Idstro%CC%88m"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pe%CC%81ter+Falus"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lars+Evena%CC%88s"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shizhao+Xiong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aleksandar+Matic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.2c04503&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04503?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04503?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04503?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04503?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04503?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/126/38?ref=pdf
https://pubs.acs.org/toc/jpccck/126/38?ref=pdf
https://pubs.acs.org/toc/jpccck/126/38?ref=pdf
https://pubs.acs.org/toc/jpccck/126/38?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c04503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

HFE."” This was further supported by Lu et al. who
additionally showed that the performance of a Li—S cell is
improved when HFE is added to a solvated ionic liquid
electrolyte but also that at high HFE concentration the
performance decreases as the solvation structure is affected.”
For ionic liquid electrolytes, it has been shown that the
addition of HFE increases conductivity, maintains the low
flammability, creates a stable SEI on Li metal, and improves
cycle life."*~"” While these results are promising and point to a
way to tailor ionic liquid-based electrolytes and other highly
concentrated electrolytes, there is still a lack of microscopic
understanding of the effect of dilution on the nanostructure
and ion transport mechanism in these systems.

In this work, we investigate the microscopic structure and
ion dynamics in HFE-diluted ionic liquid electrolytes as a
function of HFE concentration. The chemical structure of the
anion and cation of the ionic liquid and the HFE diluent used
in this work are shown in Scheme 1. Previous studies have to a

Scheme 1. Chemical Structure of P14 Cation, FSI Anion,

and HFE
o o N /\/\ EF
N PP
| 1 F
F F
FSI P14 HFE

large extent focused on the macroscopic properties such as
conductivity and cycling performance; here, we link this
behavior to the local structure revealed by Raman spectroscopy
and small-angle X-ray scattering (SAXS) and local dynamics
investigated by quasi-elastic neutron scattering spectroscopy
(QENS) and nuclear magnetic resonance (NMR) diffusom-
etry. QENS is particularly suitable for investigating local
dynamics and its relation to the nanostructure as it covers the
typical time scales and length scales found in the ionic
liquids,"®~** whereas the chemical selectivity of NMR has the
ability to distinguish the diffusion of Li, HFE, and the ionic
liquid anion and cation.

2. EXPERIMENTAL SECTION

2.1. Materials. 1-Butyl-1-methylpyrrolidinium bis-
(fluorosulfonyl)imide (P14FSI) from Solvionic (99.9%) and
lithium bis(fluorosulfonyl)imide (LiFSI) from Suzhou Fluolyte
(>99.5%) were mixed with 1,1,2,2-tetrafluoroethyl 2,2,2-
trifluoroethyl ether (HFE) from DoDoChem (99.5%) in
molar ratios: 1P14FSI/0.2LiFSI/xHFE, x = 0, 0.1, 0.5, and 1.
For the QENS experiment, P14FSI from Solvionic (99.9%),
LiFSI from Solvionic (99.9% <20 ppm H,0), and 1,1,2,2-
tetrafluoroethyl 2,22-trifluoroethyl ether (HFE) from TCI
(>99.0%) were used and mixed in molar ratios: 1P14FSI/
0.2LiFSI/xHFE with x = 0, 0.5, and 1. All samples were
prepared and handled in an inert atmosphere.

2.2. Electrochemical Measurements. Cycling stability
was evaluated in symmetric Li/Li-cells (Li disks, 10 mm
diameter, and 200 um thickness) with ILE and ILE/1HFE
electrolytes and a glass fiber separator for current densities
from 0.05 to 0.5 mAcm™2.

2.3. Physical Characterization. Differential scanning
calorimetry measurements were performed on a TA Instru-
ments DSC 250. Samples were filled and sealed in hermetic
aluminum pans in an argon-filled glovebox. DSC traces were

recorded during heating from 113 to 313 K at a rate of 10 K/
min. The glass transition was defined as the midpoint of the
step in the DSC curve. Conductivity measurements were
performed on a Novocontrol Broadband Dielectric Spectrom-
eter in a frequency range of 107>—10 Hz at a temperature
range of 173—323 K. Stainless steel electrodes were separated
by a 1 mm thick PEEK spacer. The DC conductivity was
determined from the plateau value of the frequency-dependent
conductivity. Density was measured using an Anton Paar DMA
4500 M oscillation U-tube densitometer at 289—339 K in steps
of 10 K. A Lovis 2000 ME rolling ball viscometer module was
used to determine the viscosities at the same temperatures as
for the density.

To determine the self-diffusion coefficients, NMR experi-
ments were performed using an AVANCE III HD Bruker
NMR spectrometer, operating at 14.1 T and equipped with a
Diff30 probe connected to a 60 A gradient amplifier. RF coil
inserts of a S mm "H/?H double coil, a 5 mm 'F single coil,
and a S mm ’Li single coil configuration were used. The
detailed experimental protocol is found in the Supporting
Information. Specific NMR signals were used to follow the
signal intensity attenuation of each species: the cation P14 was
studied at 2.2 ppm in the "H spectrum, FSI at 51.8 ppm in the
YF spectrum, HFE at 5.9 and —93.4 ppm for 'H and "F,
respectively, and Li at —0.9 ppm in the "Li-spectrum. Self-
diffusion coeflicients were determined at five temperatures in
the range of 256—333 K (including 298 K) for ILE/1HFE and
at 298 K for all other samples. All temperatures were calibrated
using chemical shift differences in pure methanol or pure
ethylene glycol prior to, and after, the experiments. Samples
were filled in S mm NMR tubes and sealed in a glovebox.

Raman spectroscopy was performed on a Bruker MultiRAM
Fourier transform Raman spectrometer equipped with a
Nd:YAG laser (1064 nm) and a liquid nitrogen-cooled Ge-
diode detector. The nominal laser power was 400 mW, the
resolution was set to 1 cm™ (full width at half-maximum), the
Blackman—Harris three-term window function was used for
apodization, and spectra were obtained as the average over
4000 scans. Fitting of spectra was performed with the PeakFit
software package, using a linear background and Voigt profiles.

Small-angle X-ray scattering experiments were performed on
a SAXSLAB Mat:Nordic with a Rigaku 003+ high brilliance
microfocus Cu-radiation source and a Pilatus 300 K detector.
The data was collected in a single measurement using the
WAXS setting covering a Q-range of 0.1—2.2 A", Each sample
was measured for 30 minutes in a 1.5 mm diameter glass
capillary (sealed with wax in an inert atmosphere) at room
temperature. No background sample cell background measure-
ment was needed since the capillaries have a very weak
contribution in the measured region.

Neutron spin-echo spectroscopy (NSE) was performed on a
WASP spectrometer, Institute Laue-Langevin (ILL), France.”
The momentum transfer is determined by the wavelength of
the neutrons and the detector angle according to

(1)

The time window covered by the spectrometer depends on the
incident neutron wavelength, with shorter time scales being
probed for shorter incident wavelengths. In our experiment, a
wavelength of 7 A and a detector angle of 70° were used,
resulting in a time window of 6 ps to 6 ns and a momentum
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Figure 1. Voltage profiles of LilLi symmetric cells with (a) ionic liquid electrolyte and (b) HFE-diluted ionic liquid electrolyte at current densities
of 0.0, 0.1, 0.2, and 0.5 mAcm™2. Arrhenius plot of (c) viscosity and (d) ionic conductivity, (e) T,-scaled Arrhenius plot of ionic conductivity, (f)
Walden plot, and (g) DSC traces from heating scans for ionic liquid, ionic liquid electrolytes, and HFE (inset). Data has been vertically offset for

clarity.

transfer range of Q = 0.6—1.5 A™". Data was collected in the
temperature range of 180—300 K, and the measurement time
was 4 h for each temperature. A measurement of P14FSI/
0.2LiFSI at 50 K was used as a resolution, and an empty cell
was used for background subtraction. Data was subsequently
normalized to a measurement from a fully elastically scattering
TiZr sample. Annular TiZr cans, sample thickness of 0.2 mm,
were used as sample holders. The data was reduced using ILL-
developed routines implemented in Igor Pro 8.

3. RESULTS AND DISCUSSION

The ionic liquid electrolyte is formed by the mixture of the
ionic liquid P14FSI and the salt LiFSI. FSI-based ionic liquids
have previously been shown to improve the cyclability of Li-
metal anodes; however, their rather viscous nature reduces
their performance at higher current densities. Figure lab
compares the stripping/plating of lithium in the ionic liquid
electrolyte and the diluted ionic liquid electrolyte (ILE/1HFE)
at different current densities. For the ionic liquid electrolyte,
stable voltage profiles are observed up to 0.2 mAcm™, which
shows that a stable interface is formed on the Li-metal
electrode during plating/stripping. However, for the highest
current density, 0.5 mAcm >, the voltage drops as a result of an
internal short-circuit related to the fast growth of Li dendrites
at higher current densities.”® In contrast, the cell with the
diluted IL electrolyte maintains a stable voltage profile also at a
high current density and overall the overvoltage is also slightly
lower for the diluted electrolyte. Thus, the addition of HFE
leads to an overall lower cell resistance, originating from both
interfacial resistance and the resistance of the bulk electrolyte,
and decreases the growth rate of Li dendrites."”

16264

The improvement of the performance with the addition of
HFE can be traced back to the physical properties of the
electrolytes. Figure 1¢,d shows the viscosity and conductivity of
the ionic liquid electrolytes, the neat ionic liquid (P14FSI),
and the diluent (HFE). Adding the Li salt (LiFSI) to the IL
increases the viscosity and lowers the conductivity, while the
addition of HFE decreases the viscosity and increases the
conductivity, in agreement with previous studies.'”'”*” The
temperature dependencies of the viscosity and the conductivity
follow the Vogel—Fulcher—Tamman (VTF) relation, com-
monly found for liquids, and fits of the data to the VFT
equation (eq S3) are found in Figures SI and S2 and the
parameters are reported in Tables S1 and S2. Transport
properties of ionic liquids are closely related to the glass-
transition temperature (Tg).28 The T,, determined by DSC, is
shown in Figure 1g and Table S3. T, increases with the
addition of salt, which agrees well with previous studies.””*’
Adding HFE, which has a much lower T, than the ILE, lowers
T, of the mixtures. Figure le shows a Tg-scaled Arrhenius plot
of the conductivity, where a master curve is expected if only
the viscosities of the electrolytes are responsible for the
changes in the conductivity with composition. However, even
though there is a partial overlap of the curves in Figure le, a
deviation from a master curve can be seen for low temperatures
(high T,/ T). This implies that there are also additional
changes not accounted for by the glass-transition temperature
upon the introduction of HFE, such as changes in local
structure, interactions, and/or effective number of charge
carriers. To further shed light on this issue, Figure 1f shows
Walden plots for the IL and ILEs obtained from the viscosity,
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Figure 2. SAXS patterns (a) and Raman spectra (b) for IL and ILEs. Intensity in SAXS and Raman data is normalized to the maximum peak
intensity. (c) Example of the deconvoluted Raman spectrum of ILE/IHFE and the resulting fit (see the text).

ionic conductivity, and density data (see Figure S3). Walden
plots were obtained using

log A=logc+ a log(l]
n (2)

where A is the molar conductivity (conductivity/molar
concentration) [Scm? mol™], ¢ and a are constants, and 7 is
the viscosity. Densities used to calculate the molar con-
ductivities are found in Figure S3. It provides a measure of the
ionicity of a liquid, and the KCI line represents a solution
where ions are fully dissociated and the ion transport follows
the viscous behavior. Below that line, the ionicity decreases as a
result of increased ion interactions.’””" Adding a Li salt to the
ionic liquid has previously been shown to result in a slight
decrease in the ionici’cy,zg’32 and our results are in agreement
with this. With the addition of HFE, there is basically no
change in the ionicity for lower HFE concentrations (up to
ILE/0.SHFE). A similar behavior was also seen by Liu et al."’
However, for high diluent concentration (ILE/1HFE), a larger
change in the Walden plot is observed, which shows that the
increase in the overall conductivity is lower than the increase in
viscosity.

3.1. Nanostructure and Li-lon Interactions. A hallmark
of ionic liquids is a nanoscale structure related to charge
ordering and the formation of apolar domains.”” It is a result of
the competition of van der Waals and Coulomb interactions
and is manifested by the presence of a well-defined peak
located at a few nm™ in the static structure factor, probed by,
for instance, SAXS. Figure 2a shows the SAXS patterns from
the IL-based electrolytes together with the neat ionic liquid
and HFE for comparison. For HFE, only the molecular peak at
1.4 A7Y related to the nearest-neighbor distance, can be
observed, indicative of the lack of correlations beyond the
nearest neighbors in simple liquids. In the ionic liquid, in
agreement with previous studies,”” an additional peak at 0.9
Al related to charge ordering is found, ie, from the
correlation of ions of the same charge (cation—cation and
anion—anion). With the addition of the lithium salt (LiFSI),
the charge ordering peak decreases in intensity and shifts to
lower Q, in agreement with previous results on similar ionic
liquids,"** whereas the position of the main peak at 1.4 A~
does not change. This behavior has been correlated to the
presence of LiFSI clusters (e.g., Li[FSI],x = 2 or 3) forming a

larger effective anion;>® thus, the overall charge alternation
distance increases and the peak in the structure factor shifts to
lower Q.>* With the addition of HFE, there is a further shift of
the charge ordering peak to lower Q, indicating a further
increase in the average charge alternation distance. This shows
that HFE somewhat influences the nanoscale structure of the
IL electrolyte, causing a further separation of similar charges. A
scenario that is compatible with this observation is that HFE
does not interact with the Li[FSI], clusters but is preferentially
associated with the P14 cation of the ionic liquid and in this
way effectively increases the length scale of charge ordering.
Figure S4 shows the SAXS pattern from ILE and IL/1HFE
showing that adding HFE to the neat IL also influences the
charge ordering in a similar way to adding salt, however, with
the shift being related to the ordering of P14 and HFE rather
than the FSI and Li. One should also note that there are no
features in the SAXS at low Q with the addition of HFE, which
would indicate a phase-separated structure with larger HFE
domains. Thus, the HFE is fully dispersed in the ionic structure
of the IL.

To further investigate the local coordination of Li ions,
Raman spectroscopy was performed. Full Raman spectra of the
IL-based electrolytes are found in Figure SS. Figure 2b shows
the normalized Raman spectra of the ILEs and the IL for
comparison in the region 700—780 cm™' where the band
originating from the symmetric stretching of the FSI ion is
found. This band has previously been used to account for FSI
ions that are free or coordinated to Li* in ionic liquids.”® With
the addition of Li salt, the band shifts to higher wavenumbers
and a new band also appears as a shoulder on the high-
frequency flank, attributed to FSI coordinated to Li*. With the
addition of HFE, there are only small changes to the band
profiles, with a slight increase in the intensity of the high-
frequency shoulder with increasing HFE concentration. This
indicates that we can expect that the local Li-ion environment
is preserved when the diluent is added.

To quantitatively analyze the LiFSI coordination, the Raman
spectra in the 700—780 cm™ region have been deconvoluted
into three bands (Figure 2c), where the two main components
correspond to the free (lower-frequency component) and
coordinated (higher-frequency component) FSI, respectively.
The weak third component, found in the high-frequency tail of
the region, is related to the IL cation®>*° and is found to
decrease with the addition of HFE. Using the areas of the
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spectroscopy. (b) Ratio between the self-diffusion coefficients of the components of the electrolytes and the self-diffusion coefficient of the P14
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bands corresponding to the free (A, low-frequency compo-
nent) and Li-ion-coordinated (A,, high-frequency component)
FSI ions, the fraction of lithium-coordinated FSI ions, C..,.q,
can be calculated from eq 3°

AZ
A+ A,

coord

()

From the fraction of coordinated FSI ions, one can calculate
the average number of FSI interacting with each Li* from

C

coord

NFSI/ Li ( 4)
where x is the molar fraction of Li* with respect to FSL The
results from the band deconvolution and the calculation of
NEgp/1; can be found in Table S4. The value of Ngg /1, is close to
2, in agreement with previous results, and a very slight increase
in the band positions and Nkg/; is observed with the addition
of HFE. Thus, this shows that the HFE successfully dilutes the
ILE without interrupting the solvation structure of Li ions,
pointing to a preferential interaction of HFE with the cation, as
also inferred from the SAXS results.

3.2. lon Dynamics. With NMR diffusometry, the dynamics
of the different species in the IL-based electrolytes can be
selectively probed. Using 'H, ’Li, and "F resonances, and
taking into account the specific chemical shifts, the self-
diffusion coefficients for the P14 cation, the FSI anion, Li*, and
HFE can be determined (see the Experimental Section). All
NMR signals obeyed a strict single-exponential attenuation of
the intensity versus squared pulsed-field gradient strength. This
pattern was omnipresent in the entire range of selected
experimental diffusion times from 25 ms to 400 ms and
investigated temperatures. Hence, there is no indication of a
multiphase system but rather the typical behavior of a one-
phase liquid.

Figure 3a shows the self-diffusion coefficients (D) at 298 K
for the components of the ionic liquid electrolytes as a function
of HFE concentration. In the neat jonic liquid electrolyte, the
ESI shows the fastest translational dynamics and Li* the
slowest, in agreement with the previous work.>® For neat HFE,
the dynamics are much faster than in the IL electrolyte, the
self-diffusion coeflicient of HFE being more than 50 times
higher (see Table SS).
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With the addition of HFE, the dynamics in the diluted
electrolytes get progressively faster and the self-diffusion
coeflicients for all ions increase. The trend between the ions
is preserved with the FSI anion being the fastest and Li" the
slowest, but the highest self-diffusion coefficient is found for
HFE, which is about a factor of 2 higher than for the ionic
components. However, comparing the increase in self-diffusion
coeflicient with HFE concentration for the species of the IL
electrolyte, it is clear that the influence on their dynamics is
different (see Figure S6). In Figure 3b, the self-diffusion
coeflicients for different HFE concentrations are normalized to
the self-diffusion coeflicient of the P14 cation. It is evident that
with the addition of HFE the increase in the diffusion
coeflicients of Li* and FSI is lower compared to the increase in
Dypy4 and Dypg. In fact, the dynamics of the P14 cation and
HEFE are strongly correlated, implying that the HFE interacts
preferentially with P14 rather than with FSI and Li*. This is
fully in line with previous suggestions that the interaction
between the Li* and HFE/cation is weak,'” which, in turn, is in
strong agreement with our results from Raman spectroscopy
that the local coordination of Li" is preserved. The difference
in the increase of the diffusion coefficient for different ionic
species can explain the change in the Walden plot at high HFE
concentrations (see above). While the P14 cation and HFE
basically follow the behavior of the viscosity, the dynamics of
Li* and FSI are influenced much less, lowering the overall
increase in the conductivity. Thus, the effect observed in the
Walden plot is not directly a change in ion interactions but
rather a change in the contribution of the different species to
the total conductivity.

To track the dynamics on the microscopic scale, neutron
spin-echo spectroscopy (NSE) was applied. In an NSE
experiment, the intermediate scattering function provides
information on dynamics on ps—ns time scales and on length
scales corresponding to the nanostructure of the ionic liquid (6
ps to 6 ns and momentum transfers 0.6—1.5 A™' in our
experiment). In a material where the incoherent scattering
dominates, the NSE probes the self-correlations, such as self-
diffusion.” Thus, the results can be directly compared to the
dynamics probed on macroscopic length scales by NMR. In
the ILEs, the scattering is >90% incoherent due to the strong
contribution of the H-atoms to the P14 cation (see Tables S6
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Figure 4. Intermediate scattering functions of (a) ILEs with different HFE concentrations and at two temperatures at Q = 0.6 A™. (b) ILE/1HFE
at Q = 0.6 A™" as a function of temperature. (c) Intermediate scattering function of ILE/1HFE as a function of momentum transfer at 210 K. (d)
Time—temperature superposition of the intermediate scattering function of ILE/1HFE at Q = 0.8 A™". The inset shows the shift parameter (ay) as
a function of temperature. Examples of fits to the TTS curves of ILE/1HFE (e) at Q = 0.8 A™! fitted with only an incoherent contribution and (f)

at Q = 1.3 A™! fitted with one incoherent and one coherent contributions.

and S7 in the Supporting Information); thus, the NSE
experiment mainly probes the dynamics of the P14 cation.
Figure 4a shows intermediate scattering functions, I(Qt),
from the NSE experiment for ILEs with different HFE
concentrations at two temperatures, and Figure 4b shows the
function of temperature for the highest HFE concentration. As
expected, the dynamics become slightly faster with increasing
HFE concentration and show strong temperature dependence.
In the time window of the spectrometer, the system goes from
non- to fully relaxed when the temperature is increased from
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180 K, i.e,, close to the glass-transition temperature (T, = 167
K), where I(Qt)/I(Q,0) ~ 1, to room temperature, where
I(Q,t)/1(Q,0) reaches zero. Figure 4c shows the intermediate
scattering function for ILE/IHFE at 210 K at different
momentum transfers (Q). With increasing Q, the dynamics
become faster, i.e., the scattering curves are progressively
shifted to shorter time scales. This Q-dependence is indicative
of dynamics of diffusive origin.””

To further investigate the temperature dependence of the
intermediate scattering functions, we performed a time—
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at 300 K.

temperature superposition (TTS) analysis. A TTS analysis can
reveal if the temperature dependence only shifts the relaxation
function in time, ie., the overall shape is preserved, or if
additional processes enter the time window of the
spectrometer as the temperature is increased. In the case of
an invariant shape of the scattering function as a function of
temperature, a master curve can be constructed by introducing
t' = t/ay, where the a;(T) is a shift factor chosen to provide
the best overlap between the scattering curves recorded at
different temperatures. Figure 4d shows an example of a TTS
analysis, and TTS curves for all investigated samples are shown
in the Supporting Information (Figures S11—S13). Shift
factors used to construct the TTS curves, ar, are found in
Figures S7 and S8, respectively, and qualitatively follow the
temperature dependence of the viscosity (Figure S9). The
large overlap of the data for different temperatures made it
possible to superposition all of the scattering curves into a
master curve for each composition, without any other scaling
of the data. This shows that the shape of the scattering curve is
invariant with temperature and just shifted within the
experimental window of the spectrometer. Thus, in the
experiment, we in fact probe different parts of the same
relaxation function for different temperatures. Overall, the TTS
curves show only one major relaxation. However, for
momentum transfers Q > 1.1 A7!, the scattering function
goes negative (for all concentrations). This is a result of the
normalization of the neutron spin-echo signal by the neutron
polarization in the case of a dominantly incoherent signal.
Since only around 10% of the scattering is coherent, the effect
is rather weak and only shows up around the peak for the static
structure factor (1.4 A™') where the coherent scattering is the
strongest and the incoherent contribution is low (end of
relaxation function) (Figure 4ef).

To extract the relaxation time as a function of temperature,
the TTS curves were fitted, and the shift factors were
subsequently used to obtain the relaxation time at each
temperature. For Q < 1.1 A™', where only the incoherent
contribution is present, a stretched exponential function was
used to account for the relaxation (eq S and Figure 4e),
whereas for Q > 1.1 A™' an additional single-exponential
contribution was introduced to account for the coherent
contribution (eq 6 and Figure 4f), where 7, , are the relaxation
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times, B is the stretching parameter, and A and B are the
scattering amplitudes of the two relaxations

1(Q, t) _(i)” 1
— - =A- 7 1.1A
1(Q, 0) ¢ Q< (s)

1(Q, ¢ (Y _t -
HQ O _ o l(E) gt Q> L1A!

1(Q, 0) (6)
Figure 5 shows the results from fits of the TTS curves of the
main (incoherent) relaxation process (fitting parameters A and
B are found in Figure S10). All fits and the results for the
coherent process are found in Figures S11-S14 in the
Supporting Information. The ratio of the coherent to the
incoherent contributions (B/A) from the fit to eq 6 follows
what one can expect for the coherent and incoherent scattering
from the polarization measurements in the experiment, where
the coherent contribution is around 20% of the coherent one
at the higher momentum transfers where it is the strongest.
The mean relaxation time (Figure Sa), taking the stretching
exponent into account, is calculated as

1)1
o) =I1=|—=1
w [ﬁ] p (7)

where I is the gamma function.” The stretching parameter /3
is around 0.4 (see Figure Sb), and it is similar for the ILEs with
different HFE concentrations. The low f value indicates that
the dynamics are heterogeneous, i.e., a distribution of
relaxation times, or of a more cooperative nature.*” Similar
values of f have previously been reported for a neat ionic
liquid,40 and here we show that the addition of the diluent
does not dramatically affect the nature of the dynamics. The
mean relaxation time (Figure 5a) shows a strong temperature
dependence, and the local IL cation dynamics are faster with
increasing HFE concentration, in agreement with the faster
macroscopic dynamics.

The momentum transfer dependence of the mean relaxation
time, (7,), gives information about the nature of the motion
where a decrease with momentum transfer is a signature of
diffusive dynamics, whereas local/internal processes usually
show a Q-independent relaxation time and also occur at faster
time scales.”” For a Fickian diffusion process, (7,) «xQ™> is
expected.”” In Figure Sc, the momentum transfer dependence
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of the average relaxation time multiplied with Q? is shown for
the main relaxation process in the ILEs to highlight where we
can expect a Fickian behavior, and in Figure S15, {(7;) vs Q* is
shown. The results clearly show that we do not observe simple
Fickian diffusive dynamics for the P14 cation. At low
momentum transfers, the momentum transfer dependence is
in fact stronger than Q7 whereas a transition to Q* is found
around Q ~ 1A', One can also note that the dynamics are
faster than what is extrapolated from the self-diffusion
coeflicient determined from NMR. This type of crossover
behavior in the dynamics with momentum transfer has also
been reported for a neat ionic liquid, where it was attributed to
a transition from Gaussian to non-Gaussian behavior."” With
the addition of HFE, the crossover becomes less pronounced,
but the same trend is clearly observed. The coherent relaxation
process occurs at slightly slower time scales, but overall, it
shows a similar behavior as the incoherent process with respect
to both temperature and momentum transfer dependencies
(see Figure S14).

Figure 6 compares the relative change in the mean relaxation
times from NSE, self-diffusion coefficients of the cation from
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Figure 6. Relative change in the mean relaxation time, self-diffusion
coeficient of the P14 cation, and conductivity with the addition of
HEFE.

NMR, and conductivity with the addition of HFE. There is a
strong correlation in the relative change of Dy, and (z,) with
HFE concentration underlining the connection between these
two processes. However, the relative change in the
conductivity is lower, which is connected to the fact that
here also the dynamics of Li* and FSI” contribute and the effect
of HFE on their dynamics is considerably smaller, as shown by
the NMR results (see Figure 3). To further compare the
dynamics at different length scales, the apparent activation
energies around room temperature for (z7;) from NSE, Dy,
from NMR, and conductivity are found in Table 1. The

activation energies determined by the different techniques are
similar, showing a direct connection between the processes on
different length scales. One can also note a slight decrease in
the activation energy with the addition of HFE.

B CONCLUSIONS

The influence of the addition of HFE, as a diluent to an ionic
liquid electrolyte, on the local structure and dynamics was
studied. With the addition of HFE, the cyclability of Li-metal
anodes is improved, especially at high current densities. This is
related to the increased ionic conductivity and lowered
viscosity of the electrolyte with the addition of HFE while
preserving the characteristics of the ionic liquid electrolyte with
the formation of a stable interface toward the Li metal. We
show that the ionic liquid and the diluent are fully miscible
forming a single-phase liquid. On the microscopic scale, the
characteristic nanostructure with charge correlation in the
ionic liquid is preserved as well as the local Li-ion environment.
The improved conductivity of importance for the rate
capability of the electrolyte is a result of an overall increase
in ion dynamics, as observed from the self-diffusion coefficients
determined by NMR. However, it is clear that the addition of
HFE has a larger effect on the dynamics of the ionic liquid
cation (P14) compared to Li* and the ionic liquid anion (FSI),
pointing to a stronger interaction between HFE and P14, fully
in line with the result that the local structure around Li" is
preserved. On the microscopic scale, we reveal diffusive
dynamics of the cation occurring on time scales faster than
expected from the self-diffusion coefficient. Comparing the
influence of the addition of HFE on the dynamics on different
length scales shows that the addition of HFE has the same
relative effect on the dynamics, underlining the connection
between these two processes. The local dynamics show a
cooperative and non-Gaussian behavior, typical for ionic liquid.
With the addition of HFE, this behavior is still observed;
however, the time scale for the local motion and the self-
diffusion come closer together as a result of the interaction
with HFE and the decoupling of the cation dynamics from that
of the FSI anion and Li*. Our results on the local structure and
dynamics provide direct evidence of the role of HFE-type
diluents on highly concentrated electrolytes, i.e., diluents that
aim to improve the dynamics without sacrificing the beneficial
properties of the base electrolyte.'”"" We here show that this is
provided by a preferential interaction between the diluent and
the ionic liquid cation, whereas the local coordination of Li* is
preserved, as previously also suggested for other highly
concentrated electrolytes.'”
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Table 1. Activation Energies Calculated from NSE, NMR, and Conductivity for ILE with Different HFE Concentrations

HFE concentration E, nse (270-300 K)

0 HFE 28 + 3 kJ/mol
0.5 HEE 26 + 3 kJ/mol
1 HFE 25 + 2 kJ/mol
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E, avr (275—297 K) E, , (273-303 K)

31 + 3 kJ/mol
29 + 3 kJ/mol
28 + 2 kJ/mol 26 + 3 kJ/mol
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