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Lithium-ion battery performance and longevity depend critically on the conducting salt utilized in the electrolyte.
With new avenues for multifunctional integration and optimization of functional properties, conducting salts
beyond lithium hexafluorophosphate (LiPFe) need to be studied. Herein we elucidate on viscosity, ionicity,
anion self-diffusion and ionic conductivity through variation of the length of the perfluoroalkyl side chain
present in the anions of the used lithium imidazole salts. Specifically, we study LiPFg in comparison with
lithium  4,5-dicyano-2-(trifluoromethyl)imidazolide  (LiTDI),  lithium  4,5-dicyano-2-(pentafluoroethyl)
imidazolide (LiPDI), and lithium 4,5-dicyano-2-(n-heptafluoropropyllimidazolide (LiHDI). We find that the ion
mobility of LiPFs depends the least on viscosity and its ionicity is the highest among the electrolytes
investigated here. LiTDI shows the strongest correlation between ion mobility and viscosity and the lowest
ionicity. LiPDI and LiHDI range between these two regarding their ionicity and the correlation of mobility with
viscosity. The previously rarely studied anion self-diffusion coefficients exhibit a strong correlation with
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Introduction

Liquid battery electrolytes fulfill a multitude of functional prop-
erties, like high ionic conductivity,? the formation of an effective
solid electrolyte interphase (SEI),* low viscosity at low tempera-
tures, flame inhibition, overcharge protection, dendrite preven-
tion** and others. Tailoring of the conductivity is for instance
performed through controlled variation of the formulation like
adjustment of the solvent to co-solvent ratio® and conducting salt
concentration. The governing factor for electrolyte conductivity is
the chemical nature and the concentration of the conducting
salt, following newly discovered and well established theories.”®

“Faculty of Chemistry Warsaw University of Technology, Noakowskiego 3, Warsaw
00-664, Poland. E-mail: wladyslaw.wieczorek@pw.edu.pl

*Applied Electrochemistry, Helmholtz Institute Ulm, Helmholtzstr. 11, 89081 Ulm,
Germany. E-mail: helge.stein@kit.edu

‘Karlsruhe Institute of Technology, Institute of Physical Chemistry, Fritz-Haber-Weg 2,
76131 Karlsruhe, Germany

“Helmholtz  Institute (IEK-12),  Forschungszentrum  Jiilich GmbH,
CorrensstrafSe 46, 48149 Miinster, Germany. E-mail: i.cekic-laskovic@fz-juelich.de

Miinster

T Electronic supplementary information (ESI) available: Further information
about the formulation of the electrolytes, exemplary visualization of the
deviation from theory in J-PGSE NMR measurements, values of the deviation
from the ideal KCl line and slopes of the Walden plot. See DOI:
https://doi.org/10.1039/d3ta01217d

i AS, MV and PY contributed equally.

This journal is © The Royal Society of Chemistry 2023

viscosity as it was to be expected. Differences between the LiTDI, LiPDI and LiHDI salts are minute.

Through modern machine learning applications, it is even
possible to predict the optimal electrolyte formulation at various
temperatures for commonly used organic carbonate-based
solvents and co-solvents such as ethylene carbonate (EC),
propylene carbonate (PC), ethyl methyl carbonate (EMC) and the
state-of-the art lithium conducting salt lithium hexa-
fluorophosphate (LiPF¢).> The outstanding electrochemical
stability and thus resulting longevity of cell chemistries con-
taining LiPF¢-based electrolytes have made it a widely studied
system.>'® However, thermally unstable LiPFs can decompose
and lead to the formation of hydrofluoric acid (HF), which can
initiate harmful processes that jeopardize the overall perfor-
mance and safety of a battery."* Recently there has been an
increased interest in studying other, non-phosphorous contain-
ing salts, which, among other benefits, are often more stable
against hydrolysis.>*® For example, the presence of lithium 4,5-
dicyano-2-(trifluoromethyl)imidazolide (LiTDI) prolongs the life-
time of the cell by stabilizing LiPFs-based electrolytes due to its
HF and H,O scavenging ability.”'® Further, LiTDI improves the
SEI stability formed with conventional organic carbonates or
film-forming additives like fluoroethylene carbonate (FEC) or
vinylene carbonate (VC).>*® For example, metallic lithium anodes
could benefit from different solvation characteristics® while
silicon-graphite anodes could benefit from lower viscosity of
highly concentrated salts at low temperatures.'>*® In addition, the
LiTDI is reported to capable of preventing the aluminum current
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Fig. 1 Chemical structures of LiTDI (left), LiPDI (middle) and LiHDI
(right).

collector up to 5.0 V vs. Li/Li".'*** Due to the structural similarity
between LiTDI, LiPDI, and LiHDI, a similar behavior regarding
the attack of the aluminum current collector could be expected.
Besides electrochemical performance, the proliferation of
batteries on the TWh scale will necessitate millions of tons of
material® such that facile and sustainable synthesis paths are of
paramount interest for academia and industry alike.

Herein we report on the physiochemical and electrochemical
characterization of lithium 4,5-dicyano-2-(trifluoromethyl)
imidazolide (LiTDI), lithium 4,5-dicyano-2-(pentafluoroethyl)
imidazolide (LiPDI), and lithium 4,5-dicyano-2-(n-hepta-
fluoropropyl)imidazolide (LiHDI). The structures of the con-
ducting salts are shown in Fig. 1. Furthermore, seldomly
studied anion self-diffusion coefficients that are e.g. important
for ab initio modelling of these novel electrolyte formulations
are included in the study.

Methods

Synthesis of imidazole salts

Lithium 4,5-dicyano-2-(trifluoromethyl)imidazolide (LiTDI).
Trifluoroacetic anhydride (550 mL, 3.90 mol) was added drop-
wise into diaminomaleonitrile (366.2 g, 3.39 mol) solution in
1,4-dioxane (2 L). The reaction mixture was refluxed for 4 h until
the substrate disappeared (TLC monitoring; eluent: toluene-
ethyl acetate (1:1)). Thereafter, the resulting mixture was
evaporated under vacuum (approx. 3 h) to remove solvent and
the acid produced in the reaction. Solid residue was dissolved in
water (700 mL) and the resulting solution was heated to
a temperature of 70 °C. Lithium carbonate (247.4 g, 3.35 mol)
was dosed stepwise, followed by the addition of decolorizing
activated charcoal. The mixture was heated for 2 h at 70 °C. After
filtering off the charcoal on filter paper, the water was evapo-
rated under vacuum (approx. 2 h) using a rotary evaporator. The
resulting solid was dried on the vacuum line (1 h, 90 °C) and the
residue was dissolved in anhydrous acetonitrile. The impurities
were filtered off and the solvent was evaporated under vacuum
(approx. 1 h). Twofold crystallization from acetonitrile gave
colorless crystals, which were dried in the vacuum drier (48 h,
130 °C) to give lithium salt of 4,5-dicyano-2-(trifluoromethyl)
imidazolide (320 g, 49% yield).

Lithium 4,5-dicyano-2-(pentafluoroethyl)imidazolide
(LiPDI). Pentafluoropropionic anhydride (130 mL, 0.66 mol) was
added dropwise into diaminomaleonitrile (65.2 g, 0.60 mol)
solution in 1,4-dioxane (1100 mL). The obtained mixture was
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refluxed until the substrate disappeared (approx. 8 h; TLC moni-
toring; eluent: toluene-ethyl acetate (1:1)). After evaporating the
solvent and the acid produced in the reaction under vacuum
(approx. 2 h), the resulting oily brown residue was dissolved in
a mixture of acetonitrile and water (500 mL + 50 mL). Thereafter,
lithium carbonate (70.5 g, 0.95 mol) was dosed stepwise, followed
by the addition of decolorizing activated charcoal. The mixture
was heated for 2 h at 70 °C. After filtering off the charcoal on filter
paper, the water was evaporated under vacuum (approx. 2 h) using
a rotary evaporator. The residue was dissolved in anhydrous
acetonitrile. The impurities were filtered off and the solvent was
evaporated under vacuum (approx. 1 h). Multiple crystallization
(3-4 times) from acetonitrile gave colorless crystals, which were
dried in the vacuum drier (48 hours, 130 °C) to give lithium salt of
4,5-dicyano-2-(pentafluoroethyl)imidazole (94 g, 64% yield).

Lithium 4,5-dicyano-2-(n-heptafluoropropyl)imidazolide
(LiHDI). Heptafluorobutyric anhydride (60 mL, 0.24 mol) was
added dropwise into diaminomaleonitrile (21.2 g, 0.20 mol)
solution in 1,4-dioxane (240 mL). The mixture was refluxed until
the substrate disappeared (approx. 10 h; TLC monitoring; eluent:
toluene-ethyl acetate (1:1)). Then, the resulting mixture was
evaporated under vacuum (approx. 1 h) to remove the solvent and
the acid produced in the reaction. The solid residue was dissolved
in diethyl ether (250 mL) and the resulting mixture was extracted
three times with lithium carbonate (17.5 g, 0.24 mol) suspension
in water (450 mL). The water solution of a salt was washed three
times with ether (3 x 100 mL). The decolorizing activated char-
coal was added to the water solution and the mixture was heated
for 1 h at 70 °C. After filtering off the charcoal on filter paper, the
water was evaporated under vacuum (approx. 1 h) using a rotary
evaporator. Then the residue was dissolved in anhydrous aceto-
nitrile. The impurities were filtered off and the solvent was
evaporated under vacuum (approx. 1 h). Multiple crystallization
(3-4 times) from acetonitrile gave colorless crystals, which were
dried in the vacuum drier (48 h, 130 °C) to give lithium salt of 4,5-
dicyano-2-(n-heptafluoropropyl)imidazolide (13.4 g, 23% yield).

NMR structure verification by means of >*C NMR and "°F
NMR spectroscopy in CD3;CN for LiTDI, LiPDI, and LiHDI is in
agreement with literature.'®

IR and Raman spectroscopy

Raman spectra were recorded on a Nicolet Almega Raman
dispersive spectrometer. A diode laser with excitation line
532 nm was used. The exposure time was set to 10 s and inte-
grated such that each spectrum is the sum of two independent
scans. The spectral resolution for all experiments was around
2cem .

FTIR spectra were collected on a Nicolet Avatar 370 spec-
trometer with a wavenumber resolution of 2 cm ™. Spectra were
recorded for samples in form of a thin film sandwiched between
two NaCl plates (high salt concentration) or placed in a cuvette
with a 0.1 mm spacer.

Electrolyte formulations

The electrolytes used in this work were formulated starting from
commercially available ethylene carbonate (EC), ethyl methyl

This journal is © The Royal Society of Chemistry 2023
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carbonate (EMC), lithium hexafluorophosphate (LiPF¢) and
commercial, pre-mixed 1 M LiPFg in EC: EMC (3 : 7 by weight).
All these components were ordered from E-Lyte Innovations
GmbH in battery grade quality and used as received. The
Hiickel-type salts, LiTDI, LiPDI, and LiHDI, were synthesized
and characterized at the Warsaw University of Technology
(WUT) as described in the Synthesis of imidazole salts section.
The Helmholtz Institute Miinster (FZ]) and Karlsruhe Institute
of Technology (KIT) received the materials from WUT.

The nominal concentrations of the Hiickel-type salts in the
formulated electrolytes were chosen to be 0.05 M, 0.6 M and
1.0 M for the electrolytes, while 1.0 M LiPF, concentration was
used as a reference electrolyte. For all electrolytes, EC : EMC (3 :
7 by weight) was used as the solvent mixture.

Electrolytes used for the measurements were formulated in
an oxygen and water free inert gas-filled glovebox. The formu-
lation was based on the mixing of the former prepared solvents
mixture and gravimetrically dosed salts to obtain the concen-
trations mentioned above. In this work, the samples are desig-
nated based on their nominal compositions. An overview of the
electrolytes used in this study, the formulation methods and the
measurements is compiled in Table SI-1.f

Conductivity measurements

All experiments were carried out under an inert atmosphere
inside a glovebox (MBraun, H,0 and O, < 1 ppm). Conductivity
cells were filled with the various electrolyte formulations as
previously described.® Cell constants were determined by using
a 0.01 M solution of KClI in H,O at 20 °C (VWR, known conduc-
tivity of 1.276 mS cm ') and averaging over five measurements.
Disposable 2 mL Eppendorf Safe-Lock Tubes were used as
sample containers and filled with 750 pL of electrolyte each.
Impedance measurements were conducted on a Metrohm
Autolab/M204 potentiostat/galvanostat with 12 channels and an
8-channel multiplexer for a total of 96 channels in the frequency
range of 50-20 000 Hz using in-house developed electrodes.’” The
conductivity cells were placed in a temperature chamber (Mem-
mert TTC256, 0.1 °C temperature setting accuracy) and each
temperature was held for 2 h prior to measurement for equili-
bration. The ionic conductivity of the considered electrolytes was
measured in the temperature range from —30 °C to 60 °C in 10 °C
steps. Impedance spectra were fitted using a model specified with
set parameters for resistors Rs and Ry,, as well as for the constant
phase element (CPE) with the Metrohm Nova software. Fitting
was carried out after each additional measuring point by using
the fitting model Ry(CPE — R;). Electrolyte conductivity values
were obtained from the quotient of the cell constant and the
determined electrolyte resistance.

Viscosity and density measurements

For the viscosity and density measurements, a manually filled
viscometer (Anton Paar SVM 3001, Austria) was used.
Measurements were performed at the following temperatures:
—20°C, 0 °C, 20 °C, 30 °C, 40 °C and 60 °C. Acetone was used to
clean the instrument between the measurements to avoid
contamination of the samples.

This journal is © The Royal Society of Chemistry 2023
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PGSE-NMR measurements

In preparation of the NMR measurements, each electrolyte was
filled in a standard NMR tube inside a nitrogen filled glovebox.
The tubes were closed using standard NMR caps and sealed
with Parafilm. The formulated electrolytes were removed from
the nitrogen-filled glovebox and transferred to the NMR device,
which was operated in the regular laboratory environment. Care
was taken to keep the time span between filling the electrolytes
into the NMR tubes and starting the measurement as short as
possible to avoid reactions with the glass, air, and/or humidity.
The NMR instrument used in this study is an Oxford Instru-
ments X-Pulse benchtop NMR comprising a 1.4 T (60 MHz)
permanent magnet operating at 40 °C. The device was equipped
with a probe head capable of detecting *H and "°F nuclei. In this
study, "F NMR spectra were recorded to determine the self-
diffusion coefficients of the anions. A J-PGSE pulse sequence
developed at Oxford Instruments GmbH was used to perform J-
compensated pulsed field gradient spin echo (PGSE) measure-
ments. Since the focus of this study was not on structure
elucidation, the chemical shift of the individual signals was not
primarily relevant. Therefore, the addition of a reference was
omitted and the soft-lock procedure provided by the device was
used to record spectra. The assignment of the signal groups to
the respective nuclei was performed based on the multiplet
structures observed in the spectra. In the case of overlapping
signals, these signals were excluded from the integration and
the evaluation of the self-diffusion coefficients. The maximum
gradient, Gmax, obtained from calibration with water was 0.315
T m~ " with a standard deviation of 2.9 10> T m~ ' determined
by three measurements. The duration of the gradient pulses, 4,
was set to 4 ms, the diffusion time, 4, is set to 25 ms and
a relaxation delay of 30 s was used. The gradient strength was
varied from 0% to 100% in 10% steps. The spectra were zero
filled, phased, baseline corrected and apodized prior to inte-
gration. For the analysis, the Stejskal-Tanner equation as
given in eqn (3.1) was used. The term 2/ was required due to
the sinusoidal shape of the pulses.

Based on theory, the maximum intensity of the signals, I,
should be obtained from spectra recorded at zero gradient.
However, in this study, the values for the smallest non-zero
gradient, yielded higher values than no gradient in most cases
(¢f Fig. SI-17). Therefore, a linear fit of the Stejskal-Tanner plot
with zero intercept yielded a bad fit for most of the data and did
not result in a meaningful trend. This behavior persisted even
for gradients below the lowest applied in this study. Therefore,
the intensity obtained for the smallest gradient set in this study,
i.e. 10% of Gpax, Was used to reference the Stejskal-Tanner
equation and the value at zero gradient was excluded from the
evaluation. This resulted in R* values between 0.88 and 0.99.

J. Mater. Chem. A, 2023, 11, 13483-13492 | 13485
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The errors of the self-diffusion coefficients were determined
from the errors of the integrals combined with those of the
input quantities. Integration errors were estimated by inte-
grating three regions without signals and the width corre-
sponding to the integral of interest in each spectrum and
averaging their values. This error was assigned to the respective
integral of interest. Based on this integration error and the
standard deviation of G, an error propagation yielded the
maximum absolute error for the self-diffusion coefficients.

Results and discussion
Raman and IR spectroscopy

The conducting Hiickel-type salts used in this study, LiTDI,
LiPDI, and LiHDI, differing only in the length of their per-
fluorinated alkyl chains, are found to be characterized by very
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Fig. 2 Coordination modes of the TDI™, PDI™ and HDI™ anions found
in adducts with aprotic solvents: (A) “free” anions (SSIP); (B) contact ion
pairs (CIP 1); (C) contact ion pairs (CIP II), (D) dimer, (E) chain. Mole-
cules: pink — Li, blue = N, yellow - F, gray — C.
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similar coordinating properties. The most widely used and best
described conducting salt from this family is LiTDI. Coordina-
tion modes of the TDI™ anion were found on the basis of
extensive studies on LiTDI solvates'** and the corresponding
characteristic bands in the Raman spectra further served in the
analysis of the conducting salt dissociation in liquid and solid
electrolytes.

For the present work, we used data obtained from solvates
with various solvents, which served as models for free ions,
ionic pairs and dimers. The solvates of 12-crown-4 ether (12C4)
with lithium salts usually have a structure with cations fully
isolated from anions, corresponding to spectroscopically free
anions (SSIP). Solutions with triglyme (G3) and 15-crown-5 ether
(15C5) may serve as models for ionic pairs (CIP) and solutions
with diglyme (G2) for dimers and chains. Acetonitrile (AN) can
serve as another model system for dimers. Fig. 2 shows the
coordination modes of the ions observed in the model solu-
tions, obtained on the basis of structural studies on LiTDI
solvates.

Table 1 summarizes the position of the characteristic bands
for the solvates in the Raman spectra. A comparison of the
properties of these LiPDI and LiTDI solutions in oligoethers®
and cyclic carbonates® would suggest that the length of the
chain has only a limited effect on the viscosity and thermal
properties of the electrolyte. Only at the highest salt/solvent
ratio in oligoethers (Li:G3 ratio higher than 5) one may
observe that the viscosities of LiPDI based systems were slightly
higher.>

The increase of the conducting salt concentration is reflected
by similar changes in the spectral pattern of the salt, i.e. (i) shift
of the maximum of the vcy towards higher wavenumbers, from
2224 cm™ ' to 2230 cm ™!, and formation of a shoulder at approx.
2245 cm™Y; (ii) broadening of the band and formation of the
shoulder at higher wavenumber for vcn 1 and oxen 1m-

Fig. 3 presents a comparison of vcy spectral range in FTIR
spectra of LiHDI-based electrolytes and the exemplary

Tablel Relevantdata from Raman spectra of LiTDI, LiPDI and LiHDI solvates representing various types of anion coordination. The acronyms are

used as in Fig. 2

Formula ven [em ] Ven m [em ] Onen m [em Y] Coordination mode

LiTDI
[Li*(12C4),]TDI 2225 1307 977 SSIP
Li(15C5)TDI 2228; 2239 1302 979 CIP I
Li(GS)TDI 2230 1320 991 CIP II
[Li(G2)],TDI, 2250; 2233 1313 988; 976 Dimer

LiPDI
[Li*(12C4),]PDI™ 2229 1300 943 SSIP
[Li(15C5)]PDI 2244; 2234 1311 948 CIP 1
[Li(G2)],PDL, 2257; 2233 1308 951 Dimer
[Li(G2)PDI], 2255 1312 948 Chain
[Li(AN)],PDI, 2256; 2238 1309 954 Dimer

LiHDI
[Li"(12C4),JHDI 2226; 2216 1299 993 SSIP
Li(15C5)HDI 2228 1308 1002; 992 CIP 11
[Li(G2)],HDI, or [Li(G2)HDI], 2254; 2232 1310 992 Dimer or chain

13486 | J Mater. Chem. A, 2023, 11, 13483-13492
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(a) Spectral range of the vy vibrations in FTIR spectra of electrolytes containing LiHDI in a solvent mixture of EC and DEC with different

salt concentration: 1 M (black line), 0.63 M (red line) and 0.1 M (green line) and (b) the exemplary deconvolution of the vcy band for the 0.63 M

solution.

deconvolution of this range. The attribution of the peaks was
made on the basis of previous studies® as follows: 2224 cm ™"
for free ions (SSIP), 2230 cm ™" for ionic pairs (CIP), and
2247 cm™ ! for aggregates (AGG. e.g. dimers/chains).

Table 2 presents the estimated percentage of ionic species
obtained on the basis of the deconvolution of vy band in FTIR
spectra of electrolyte solutions containing LiHDI in a solvent
mixture of EC and diethyl carbonate (DEC). The results are very
close to that obtained for LiTDI-based electrolytes containing
mixtures of organic carbonates* which supports the conclu-
sion, that HDI™ and TDI™ anions are characterized by similar
donor properties and exhibit similar dissociation mechanisms.
Due to the similarity between the dielectric constants of DEC (e,
= 2.8 at 25 °C (ref. 26)) and EMC (e, = 2.9 at 25 °C (ref. 26)), it is
to be expected, that electrolytes based on LiTDI and LiHDI
dissolved in solvent mixtures containing EC and EMC show
similar dissociation behavior as such containing EC and DEC in
their solvent mixtures.

The results from FTIR and Raman analysis, indicate a strong
influence of the concentration of the conducting salt on the
ionic arrangement, as expected. For LiHDI an increased
concentration results in a larger percentage of ionic pairs and
aggregates in a solvent mixture containing EC and DEC.
Assuming transferability of this behavior to the EC and EMC
containing solvent mixture and other Hiickel-type salts used
herein, this is in agreement with the observed correlation
between the anionic self-diffusion coefficients and the viscosity
shown in Fig. 8. A higher fraction of paired or aggregated ions is

Table 2 Data resulting from the deconvolution of the vy band in FTIR
spectra of electrolytes containing LiHDI dissolved in a solvent mixture
composed of EC and DEC

LiHDI conc. Free ions Ionic pairs Aggregates
M] [%] [%] [%]

0.1 62.5 37.5 0

0.63 30.5 51.5 18.0

1.0 15.5 57.5 27.0

This journal is © The Royal Society of Chemistry 2023

expected to result in decreased ionic self-diffusion coefficient
and conductivity as compared to fully dissociated salt. Both
observations are evident in the NMR and conductivity
measurements. Table 2 shows, that for LiHDI based-
electrolytes, the increase in the number of aggregates is
stronger than the one of the number of ionic pairs for
increasing concentration.

Conductivity and viscosity of the considered electrolytes

To investigate the influence of the dissociation processes on the
performance of electrolytes containing the Hiickel-type salts,
the conductivity was determined. As shown in Fig. 4, our results
show a strong dependence of the ionic conductivity on the salt
concentration and temperature, as expected.>” With increasing
temperature, an increase of the conductivity can be observed for
all electrolyte formulations. In this work we keep the solvent
type and ratio fixed, to only consider the influence of salt
concentration and solvation structure on conductivity. For the
LiTDI-based electrolyte, the maximum conductivity is observed
at an 0.6 M concentration for temperatures up to 20 °C. Above
20 °C, 1 M concentration yields the maximum conductivity. As
for LiPDI, which contains a larger anion, the maximum
conductivity could also be observed at 0.6 M concentration up to
40 °C. For larger anions as in LiHDI, the conductivity maximum
is observed at 0.6 M in the temperature range considered here.
The reason why the 0.6 M Hiickel-type salt-based electrolyte
would have a larger conductivity than the respective 1 M elec-
trolyte formulation could be explained by the formation of ion
pairs and aggregates at higher concentration as observed by IR
measurement.

Comparing the conductivity of electrolytes based on the
different salts at the same salt concentration in Fig. 4d—-f, no
difference in the conductivity is observed at low salt concen-
trations of 0.05 M and 0.1 M, but when the salt concentration is
increased up to 0.6 M, the LiPDI containing-electrolyte shows
the highest ionic conductivity while the electrolyte containing
LITDI has the lowest. When further increasing the salt
concentration to 1 M, the LiPDI containing electrolyte retains

J. Mater. Chem. A, 2023, 1, 13483-13492 | 13487
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the highest ionic conductivity but the electrolyte based on
LiHDI gives the lowest one.

For all solutions investigated in this study, the ionic
conductivity of electrolytes shows a strong correlation to
viscosity. For all considered electrolytes, decreasing viscosity
caused the increase of the conductivity, which was strongly

2.50
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Fig. 5 Walden plot® for the electrolyte formulations investigated in
this study. The formulations having the lowest conducting salt
concentration reveal the highest ionicity. For the concentrations
higher than 0.05 M, the differences in ionicity are not very
pronounced. The data points for 0.6 M LiTDI and 1 M LiTDI are the
lowest in this graph.
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correlated with the increase of the temperature. The changes of
the viscosity and conductivity are similar for all the electrolytes
as shown in Fig. 4a-c. However, changes are smaller for lower
concentrations of the conducting salt in the electrolyte as can be
seen in Fig. 4d-f.

Based on the conductivity and viscosity data, a Walden plot*”
was compiled. The graph presented in Fig. 5 shows the molar
conductivity with respect to the conducting salt concentration
plotted vs. the inverse viscosity including 1 M LiPF¢-based
electrolyte as a reference. For all formulations, a linear corre-
lation between the molar conductivity and the inverse viscosity
is found for increasing temperature. The slopes determined for
the formulations presented here are shown in Fig. 6. The slope
of 0.80 1og(S cm® mol ) log(P~") obtained for 1 M LiPF is lower
than the ones obtained for the Hiickel-type salts, which are
closer to unity. Since slopes close to unity indicate a strong
interrelation of the ion mobility and viscosity,*® this suggests
a less viscosity-controlled ion movement in 1 M LiPF¢ than in
any of the other electrolyte formulations investigated here.

The 0.05 M formulations containing Hiickel-type salts and
the 1 M LiPF; electrolyte formulation yield values closest to the
ideal KCl line. The vertical deviations from the ideal KCl line, A
log(om) are used as indicators for the degree of dissociation.”**
All the 0.05 M formulations range from —0.64 log(S cm* mol %)
to —0.671log(S ecm® mol ") at 20 °C suggesting the highest
relative ionicity. This is not surprising since 0.05 M electrolyte
formulations containing Hiickel-type salts yield the lowest
viscosities reported herein. Based on the slopes of the Walden
plot, the ion mobility in these samples appears to be strongly
correlated with viscosity. Furthermore, the low concentration

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Slopes determined from the Walden plot for the considered
electrolyte formulations.

favoring dissociation of the salts can be expected to support
a degree of dissociation in these electrolyte formulations.

The electrolyte formulations containing Hiickeltype-salts in
concentrations higher than 0.05 M are located in a narrow band
in the Walden plot. No significant differences are observed
between LiPDI and LiHDI containing formulations with respect
to ionicity. The A log(oy,) values for LiPDI are —0.80 log(S cm?
mol ") and —0.83 log(S cm® mol ") for 0.6 M and 1 M concen-
tration, respectively, while those for LiHDI are —0.82 log(S cm?®
mol ") for 0.6 M and —0.85 log(S cm* mol ) for the 1 M solu-
tion at 20 °C. The formulations with 0.6 M LiTDI and 1 M LiTDI
yield values at the lower end of this band with A log(s,,,) being
—0.92 log(S cm® mol ') at 20 °C for both concentrations indi-
cating the lowest ionicity for these electrolyte formulations. The
minor differences between 0.6 M and 1 M concentrations for all
Hiickel-type conducting salts investigated here might indicate
a dissociation limit of the formulations at concentrations close
to 1 M. The position in the Walden plot of LiTDI at concentra-
tions of 0.6 M and 1 M might indicate a stronger tendency
towards ion pairing or aggregation for the LiTDI salt compared
to the other Hiickel-type salts. This is in agreement with Nied-
zicki et al,” who reported a lower association constant for
LiHDI compared to LiTDI and LiPDI in electrolytes using
propylene carbonate (PC) as a solvent. Niedzicki et al.>® suggest
the higher volume of the HDI™ anion due to the longer per-
fluoroalkyl side chain as a possible cause for this behavior.

Overall, the electrolyte formulations presented here are
located at a significant distance from the ideal KCI line and,
therefore, they need to be regarded as only partially dissociated
and the presence of ion pairs and aggregates needs to be
considered which is in agreement with the IR data discussed in
the IR and Raman spectroscopy section for LiHDI. Similar
structures were found in LiTDI and LiPDI containing formula-
tions in various ethers and glycols as reported by Jankowski
et al.,” who performed XRD investigations. They report
a significant number of ionic aggregates at higher salt concen-
tration, mostly dimers and chains for LiTDI and LiPDI

This journal is © The Royal Society of Chemistry 2023
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Unpublished data using the same approach indicates the
presence of dimers and chains also for LiHDI in the concen-
tration ranges investigated in our study.

Anion self-diffusion coefficients

Further insights into the dynamics of the electrolyte formula-
tions on a molecular level can be obtained by determining self-
diffusion coefficients. In this study, we focus on the anion self-
diffusion coefficients. Fig. 7 shows the correlation between the
self-diffusion coefficients and the viscosities of the considered
electrolyte formulations. Increased viscosity is related to a lower
self-diffusion coefficient and higher concentration of the con-
ducting salt. Among the electrolyte formulations of approxi-
mately 1 M concentration, the highest self-diffusion coefficient
is observed for the PFs~ anion. The Hiickel-type anions show
a lower self-diffusion coefficient and a spread in viscosity
values. Minor differences in the self-diffusion coefficients
between the electrolytes containing the different Hiickel-type
salts are observed. This is in agreement with the similar
dissociation behavior of the Hiickel-type salts as reported in the
section IR and Raman spectroscopy.

Fig. 8 shows the plot of the self-diffusion coefficients ob-
tained as described in the PGSE-NMR measurements section vs.
the molality of the conducting salt. The self-diffusion coefficient
for all considered conducting salts in this study decrease with
higher salt concentration. Furthermore, Fig. 8 shows, that the
self-diffusion coefficient of LiPF is towards the higher end of
the range for all molalities of the conducting salt. The Hiickel-
type salts yield lower self-diffusion coefficients over the whole
range of molalities. For electrolytes containing LiTDI and LiPFs
in a solvent mixture of EC and DMC (1:1 by weight), a higher
degree of dissociation of LiPFs compared to LiTDI is reported.*

8x107"°

1 M LiPF,
0.05M LiTDI
® 06MLITDI
1 MLTDI
0.05M LiPDI
= 06MLPDI
6x107"0 ® 1 MLPDI
0.05M LiHDI
0.6 M LiHDI
® 1MLHDI

4x1071° 4

Danion [m2‘5-1]
[ 1

2x1071%

T T T T
175 200 225 250 275

n [mPa-s]

Fig. 7 Self-diffusion coefficients of the anions of the conducting salts
contained in the electrolytes plotted versus viscosity. The data pre-
sented here covers various concentrations of the salts in the solvent
mixture EC: EMC 3:7 by weight investigated in this study. The elec-
trolyte containing 1 M LiPFg is given as a reference. The data is obtained
from 1°F NMR using a J-PGSE pulse sequence and evaluation using the
Stejskal-Tanner eqgn (3.1). The magnet of the used benchtop NMR
device operates at 40 °C.

J. Mater. Chem. A, 2023, 11, 13483-13492 | 13489


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta01217d

Open Access Article. Published on 30 May 2023. Downloaded on 6/17/2026 8:38:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

8x1071°
= TDIin LiTDI
7x10°4 o = PDI"in LiPDI
HDI" in LiHDI
" A
%1010 L} PFg in LiPFg
n
o 5x1p0 .
E
< | |
§ 4x1070 E
la)
3x1071
- ]
2x1071°
1x1071° T T T T T

T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
molality [mol-kg™']

Fig. 8 Self-diffusion coefficients of the anions of the conducting salts
in the EC: EMC (3:7 by weight) solvent mixture at various molalities
determined from *°F NMR spectra using a J-PGSE pulse sequence. The
diffusion coefficients are determined by applying the Stejskal-Tanner
egn (3.1) to the measured spectra. The molalities are calculated from
the masses of each component and stock solution recorded during
the formulation of the electrolytes. The values for the electrolyte
containing 1 M LiPFg are given as a reference. The magnet of the used
benchtop NMR device operates at 40 °C.

Based on the Walden plot presented in Fig. 5, the degrees of
dissociation of LiPDI and LiHDI lie in between LiTDI and LiPFs.
The solvent mixture containing EC and EMC (3:7 by weight)
used in our study should be expected to result in a tendency
towards lower degrees of dissociation due to the slightly lower
dielectric constant of EMC (e, = 2.9 at 25 °C (ref. 31)) compared
to DMC (¢, = 3.1 at 25 °C (ref. 31)) and the lower fraction of EC
(er =95.3 at 25 °C (ref. 31)) in these mixtures.?® Due to the larger
size of associated ions, their mobility is expected to be reduced
compared to free ions. Therefore, the lower self-diffusion coef-
ficients for the Hiickel-type salt anions compared to the PFs~
anions found for the considered electrolytes indicate a stronger
tendency towards ion association for Hiickel-type salt anions
than for LiPF,. Differences across Hiickel-type salts are minute.
The errors of the diffusion coefficients for LiHDI are the largest
among the considered formulations, which is most likely due to
the splitting of the signals leading to a lower signal-to-noise
ratio, which results in higher uncertainties upon integration.

The decrease in self-diffusion coefficient correlates well with
the increase in viscosity upon higher concentration of the
electrolyte formulations and the decrease in conductivity for
increasing concentration above 0.6 M as shown and discussed
in the Conductivity and viscosity of the considered electrolytes
section.

Conclusions

Non-conventional electrolytes need to be selected to incorporate
multiple fundamental properties. Here we investigate electro-
lyte systems containing the Hiickel-type salts LiTDI, LiPDI and
LiHDI in a solvent mixture of EC and EMC (3 : 7 by weight). FTIR
and Raman spectroscopy results reveal the presence of ion
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pairs, dimers, chains and aggregates. Values regarding the ionic
conductivity, viscosity and anion self-diffusion coefficients of
the investigated electrolytes are reported. An analysis of a Wal-
den plot generated based on the conductivity and viscosity data
provided insights into the ionicity of the considered electro-
Iytes. LiPFs showed the highest ionicity, while LiTDI was found
to have the lowest ionicity among the considered Hiickel-type
conducting salts.
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