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Organic solutions of lithium bis(fluorosulfonyl)imide (LiFSI) are promising electrolytes for Li-ion batteries. Information

on the diffusion coefficients of the species in these solutions is needed for battery design. Therefore, the self-diffusion coef-

ficients in such solutions were studied experimentally with the pulsed-field gradient nuclear magnetic resonance tech-

nique. The self-diffusion coefficients of the ions Li* and FSI" as well as those of the solvents were measured for LiFSI solu-

tions in pure dimethyl carbonate and ethylene carbonate as well as in mixtures of these solvents at 298 K and ambient

pressure. Despite the Li" ion being the smallest species in the solution, its self-diffusion coefficient is the lowest as a result

of its strong coordination with the solvent molecules.
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1 Introduction

Lithium-ion batteries (LiB) are widely used for storing
electric energy [1,2]. Advances in the field of electrolyte
solutions can contribute to the progress of this technology
[3-5]. Presently, the benchmark for LiB electrolytes is
lithium hexafluorophosphate (LiPF6). Lithium bis(fluoro-
sulfonyl)imide (LiFSI) is a promising candidate to replace
LiPF6 [6-9]. Interesting solvents for LiFSI in LiB electro-
lytes are dimethyl carbonate (DMC) and ethylene carbonate
(EC) [7,8,10]. Solutions of LiFSI in these solvents have a
high electrical conductivity [6, 11-17].

Information on diffusion coefficients is of great interest for
the modeling of transport processes in LiB and the rational
design of LiB electrolyte solutions [14]. Despite the high in-
terest in LiFSI-based electrolyte solutions, little is known to
date on diffusion coefficients in LiFSI solutions in solvents
such as DMC and EC. In the literature, there are only few
reports on the diffusion coefficients of systems containing
LiFSI. Takekawa et al. [18] report self-diffusion coefficients
for a 1M solution of LiFSI in the solvent mixture ethylene
carbonate-diethyl carbonate (volume ratio 3/7). Tominga and
Yamazaki [19] report self-diffusion coefficients for LiFSI solu-
tions in poly(ethylene carbonate). Girard et al. [20] and Yoon
et al. [21] report such data for LiFSI solutions in ionic liquids.

Therefore, in the present work, the pulsed field gradient
nuclear magnetic resonance technique (PFG-NMR) was

applied to determine the self-diffusion coefficients of the Li*
and the FSI” ions and that of the solvent molecules in LiFSI
solutions in the pure solvents DMC and EC and mixtures
of these solvents for LiFSI concentrations up to
0.2molmol™ at 298K and ambient pressure. Empirical
correlations of the experimental data are provided.

2 Chemicals

Lithium bis(fluorosulfonyl)imide (LiFSI, > 0.999gg™") was
supplied by Budan Process UG. Dimethyl carbonate (DMC,
anhydrous, > 0.999gg™), and ethylene carbonate (EC,
anhydrous, 0.990 gg ") were purchased from Sigma Aldrich.
All chemicals were used as received. The water content of
the pure components was determined by coulometric Karl-
Fischer titration (Metrohm 831 KF coulometer) and was
found to be below 50-10°gg™ for all solvents and below
30-10°gg " for LiFSIL All chemicals were stored in an inert
gas glove box (GS Glovebox Technik) that maintained a
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nitrogen atmosphere with a water content of less than
2-10°gg™.

Some relevant physico-chemical properties of the
employed solvents and electrolytes are shown in Tab.1,
wherein M is the molar mass, T,mp and Ty, are the normal
melting point and the normal boiling point, respectively, p
is the density, # is the shear viscosity, D is the self-diffusion
coefficient, and ¢ is the dielectric constant.

Table 1. Overview of some pure component physico-chemical
properties. The numbers for p, 5, D, and ¢ for DMC and EC refer
to the liquid state at 313.15 K and ambient pressure.

Property DMC EC LiFSI
"] ‘0 o L o
“o7o” (j
00
C5Hg¢O5 CsH,05 F,LiNO,S,
M [gmol™] 90.1 88.1 187.1
Tomp [K] 2782 [22] 3112 [22] 4182 [6]
Topp [K] 363.15 [23] 517.15 [23]
plgem™] 1.0434 [24] 13216 [25]
7 [mPas] 0.4880 [26] 1.9000 [27]
D[10""m%*™] 26.0* [28] 8.0 [28]
e [-] 3.2 [29] 89.7 [30]

*measured at 303.15K

3 Experimental Method

3.1 Sample Preparation

All chemicals were handled in the inert gas glove box
described above. A laboratory balance (Mettler-Toledo
AG204) with an accuracy of £0.0001 g according to the cali-
bration protocol was used for the gravimetrical sample
preparation. The total mass of each prepared sample was
larger than 10g. The samples were sealed in 20-mL glass
vials. The uncertainty of the mole fraction of LiFSI and sol-
vents is estimated to be +0.0002 mol mol .

3.2 PFG-NMR Measurements

'H-, "Li-, and “F-NMR measurements were conducted
using an NMR spectrometer with a superconducting mag-
net with a magnetic field strength of 9.4 T, corresponding to
a proton Larmor frequency of 400.25 MHz. The NMR spec-
trometer was equipped with a probe with cryogenically
cooled electronics (magnet Ascend 400, console Avance III
HD 400, probe CryoProbe Prodigy, Bruker Biospin, Ger-
many). The spectrometer’s temperature sensor was calibrat-
ed with a platinum resistance thermometer (Pt-100) which
in turn was calibrated in the laboratory using a certified

standard. The stability of the thermostating gas flow is
+0.05K. The overall uncertainty of the temperature mea-
surement is estimated to be below +0.15K. Special NMR
sample tubes with a capillary bottom with a bottom outer
diameter of 2.5 mm (Deutero GmbH, Germany) were used
in order to minimize the convection inside the sample and
to reduce radiation damping. [31, 32]

The stimulated spin-echo technique with bipolar pulsed
gradients [33] was applied as implemented in the spectrom-
eter software (Bruker TopSpin 3.2, pulse sequence:
stebpgpls). The self-diffusion coefficient of species i (D;) is
obtained from a fit of the natural logarithm of the relative
signal intensity against the squared gradient strength
according to Eq. (1) [34]

LR TS Y N A
ln<10’i> = —Dy* <A 35)g (1)

where I; and Ij; are the signal intensities of species i with
and without gradient, respectively, y is the gyromagnetic
ratio, O is the duration of the gradient pulse and g is the gra-
dient strength. A is the diffusion time. The sum of the
squared relative errors between the experimental data and
the correlation was employed as the objective function in
the fit.

The gradient strength ¢ was obtained by the procedure
proposed by Connell et al. [35] from experimental test mea-
surements of water. The diffusion time A was chosen as
50 ms for all measurements and the gradient strength g was
incremented following a square root relationship from
2.5Gem™ to 48.5Gem™. Each diffusion experiment con-
sisted of 16 transients with 16 scans, respectively, with a
recycle delay that was chosen sufficiently long to ensure
complete magnetization relaxation.

The gradient pulse duration & was chosen in the range
between 0.6 ms and 14 ms depending on the magnitude of
the self-diffusion coefficients. Baseline and phase correction
of the spectra were performed in the processing tool devel-
oped by Sawall et al. [36]. The relative standard uncertainty
of the self-diffusion coefficients is estimated to be +2 %.
This is confirmed by test measurements on several well-
studied systems that are not documented here.

4 Correlations

4.1 LiFSl in Pure DMC and EC
For correlating the experimental data for the self-diffusion

coefficients in LiFSI solutions in the pure solvents DMC
and EC, Egs. (2) and (3) were applied.

Dy Do XLiFsI xuipst\?
() )
(mzs_l) <m25—1 A4 mol mol~! 5 mol mol~!

)

with i = (DMC, EC),
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;1
D\ _ Dj +A-( XLIEST )—l—B-( XLiFSI )2
m2s—1 m2s—1 ’\mol mol~! ’\mol mol—!
(3)

with j = (Li*, FSI).

Here, x;rsr is the apparent mole fraction of LiFSI. D is
the self-diffusion coefficient of the solvent i = (DMC, EC)
and Dj is that of ion j = (Li*, FSI"). Dy; is the self-diffusion
coefficient of the pure solvent i and D} — 1 is the self-diffu-
sion coefficient of ion j at infinite dilution in solvent i. The
parameters Ay, By (k = i, j), and D;(‘ — 1 are adjustable. In
the case of EC also Dy; is used as an adjustable parameter,
as pure EC is solid at 298 K and a self-diffusion coefficient
for the liquid cannot be measured.

4.2 LiFSl in Binary Mixtures of DMC and EC

For correlating the experimental data for the self-diffusion
coefficients in LiFSI solutions in binary mixtures of the sol-
vents DMC and EC, the mixing rules shown in Egs. (4) and
(5) were used.

Dy =D !+ (1-%)DF 70+ x(1 - )G (4)

i i

with i = (DMC, EC),

Dy =%Df 7 4+ (1 - %)DF 0 + %(1 - )G (5)
with j = (Li*, FST).

where x; is the mole fraction of solvent i in the salt-free
solvent mixture. D' and D* ' are the self-diffusion
coefficients of solvent i and ions j in LiFSI solutions in pure
solvent i, respectively. DY % and D~ are the self-diffu-
sion coefficients of solvent i and ion j in the other solvent,
respectively. DX, D;(‘ﬁl, and D;(‘ﬁo in Egs. (4) and (5)
are calculated through Egs. (2) and (3) for a given LiFSI
concentration of xp;rg; (here 0.10 mol mol™). Df‘ =0 C;, and
C; are adjustable parameters.

4.3 Parameter Estimation

The adjustable parameters were determined from a fit to
the corresponding experimental data. The sum of the
squared relative deviations between the experimental data
and the correlation was employed as objective function.

5 Results and Discussion

5.1 LiFSl in Pure DMC and EC

Fig.1 shows the self-diffusion coefficients of all species in
LiFSI solutions in DMC and EC, respectively, as a function

of the mole fraction of LiFSI at 298 K. The numerical exper-
imental data are reported in Tab. 2, the correlation parame-
ters in Tab.3. The correlations describe the experimental
data within the experimental uncertainty. An exception are
the self-diffusion coefficients of the ions Li* and FSI” in
LiFSI-DMC solutions for mole fractions of LiFSI below
0.05mol mol™', which show higher deviations. The latter
points were excluded from the fitting procedure but are
shown for consistency. For LiFSI-EC solutions no self-diffu-
sion coefficients could be determined below a mole fraction
of LiFSI of 0.075molmol™, as a result of the low melting
temperature of the mixture.

000 005 010 015 020

-1
X, e / Mol mol

-

----q

000 005 010 015 020

-1
xLlFEI" mol mol

D.x10°/ m*s”

-1
X5 / Mol Mol

Figure 1. Self-diffusion coefficients of a) Li*, b) FSI", and c) sol-
vent molecules in LiFSI solutions in pure DMC and pure EC as a
function of the mole fraction of LiFSI at 298 K. Symbols repre-
sent the experimental data for LiFSI solutions in pure DMC
(circles) and pure EC (squares). Lines represent the correlations
to these data using Egs. (2) and (3) with parameters from Tab. 3.
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Table 2. Experimental data for the self-diffusion coefficients in LiFSI solutions in pure DMC and pure EC at 298 K and ambient pressure.

LiFSI-DMC LiFSI-EC

XLiFSI Dy Drsr- Dpwmc XLiFSI Dy Drsr- Drc
[mol mol™] [10" m%™] [10m%™) [107°m%™ [mol mol™] [10" m%™] (10 m%™] [10m%™]
0.0000 2.23 0.0751 1.60 1.64 2.21
0.0050 12.90 7.49 2.13 0.1001 1.15 1.12 1.66
0.0252 9.61 5.68 1.77 0.1246 0.85 0.81 1.11
0.0503 8.00 491 1.39 0.1498 0.57 0.51 0.70
0.0750 6.47 3.95 1.07 0.2000 0.28 0.23 0.30
0.1000 5.17 3.13 0.82

0.1252 4.13 2.52 0.60

0.1501 3.06 2.02 0.43

0.2000 1.78 1.25 0.23

Standard uncertainties: u(x) = 0.0002 mol mol™, u,(D) = 0.02.

Qualitatively, the self-diffusion coefficients in solutions of
LiFSI in DMC and EC show the same behavior. Increasing
the mole fraction of LiFSI results in a decrease of the self-
diffusion coefficients of all species in all solutions. This goes
along with a strong increase of the viscosity of the studied
solutions.[11]

For a specific mole fraction of LiFSI, the self-diffusion
coefficients of the ions Li" and FSI™ are significantly lower
for LiFSI-EC than they are in DMC. Furthermore, also the
decrease of the self-diffusion coefficient with increasing salt
concentration is more pronounced in DMC than in EC. For
both solvents, the self-diffusion coefficients decrease in the
order Dy, > Dggi- > Dyi,. This order indicates that the
small and densely charged Li" ions are strongly coordinated
by the solvent molecules. This coordination results in large,
slowly diffusing complexes. As a result, despite being much
larger, the FSI” ion shows a higher self-diffusion coefficient
than the Li* ion. This finding shows that the interaction of
the FSI” ion with the solvents is much weaker than that of
the Li" ion with the solvents.

While the data for the ion diffusion coefficients can be
correlated easily for LiFSI concentrations above about
0.05 mol mol ™', the few data points that were taken in more
diluted solutions do not perfectly fit into this picture. This
could indicate structural physical differences of the diffu-
sion in this highly diluted regime as compared to more con-
centrated solutions. It was not in the scope of the present
study to elaborate on this point, which would probably also
call for further investigations, e.g., via molecular dynamics
and quantum chemical simulations.

5.2 LiFSl in Binary Mixtures of DMC and EC

Fig.2 shows the self-diffusion coefficients in solutions of
LiFSI in binary mixtures of DMC and EC for a constant
mole fraction of LiFSI of 0.1 mol mol™" at 298 K and ambi-
ent pressure. The data are plotted as a function of the mole
fraction of EC in the salt-free solvent mixture. The numeri-
cal experimental data are reported in Tab. 4, the correlation

Table 3. Parameters of the correlation functions of the self-diffusion coefficients of the solvents (Eq. (2)) and ions (Eq. (3)) in LiFSI solu-

tions in pure DMC and pure EC at 298 K and ambient pressure.

j i D, Dyt A A B B; R
DMC - - -1.85-107° 428108 - 0.9999
EC 4.80-107" -4.11-107° - 9.28-107° - 0.9984
Li* DMC - 1.16-107" - -7.86-107"° 1.49-107° 0.9993
Li* EC - 3.34-107" - -2.80-107" 6.37-107° 0.9993
FSI™ DMC - 7.11-107"° - -4.94-107° - 1.01-107° 0.9999
FSI” EC - 3.60-107° - -320-107° - 7.56-107° 0.9982
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Figure 2. Self-diffusion coefficients of a) Li*, b) FSI-, and c) sol-
vent molecules in solutions of LiFSI in binary mixtures of DMC
and EC as a function of the mole fraction of EC in the salt-free
solvent mixture at a mole fraction of LiFSI of 0.1 mol mol™ at
298 K. Symbols represent the experimental data. Lines represent
the correlations using Egs. (4) and (5) with parameters from
Tab.5.

parameters in Tab.5. The experimental data for the diffu-
sion coefficients of Li* and EC are described by the correla-
tion within the uncertainty of the experimental data. For
DMC and FSI', some deviations are observed. The self-
diffusion coefficient of Li" depends significantly on the con-
centration of EC. From pure DMC to pure EC, it decreases
by a factor of about 5.

Also, the self-diffusion coefficient of the FSI” ion de-
creases strongly upon addition of EC. From pure DMC to
pure EC, it decreases by a factor of about 3. The simple cor-
relation does not describe the experimental data perfectly.
The slight S-shape of the data is not captured.

The self-diffusion coefficients of DMC and EC decrease
with increasing salt-free mole fraction of EC. The self-dif-
fusion coefficient of DMC at infinite dilution in EC is al-
most the same as the self-diffusion coefficient of pure EC.
This finding can be attributed to the coordination com-
plexes that have the form Li*(EC),,(DMC), with m + n = 4.
(37]

Due to their similar size, the Li"(EC)3(DMC), complexes
have virtually the same self-diffusion coefficient as the
Li"(EC), complexes. In contrast to this, the self-diffusion
coefficient of EC at infinite dilution in DMC is about 30 %
lower than the self-diffusion coefficient of pure DMC. This
observation shows that complexes comprising at least one
EC molecule diffuse much slower than the Li*(DMC), com-
plexes, as a result of their size.

6 Conclusions

In the present work, the self-diffusion coefficients of the Li*
and FSI” ions and the solvent molecules in LiFSI solutions
in the pure solvents DMC and EC as well as in mixtures of
these solvents were investigated at 298 K. As expected,
increasing the LiFSI concentration leads to a strong
decrease of the self-diffusion coefficients of all species in all
cases. The self-diffusion coefficients of the ions in DMC are
higher than those in EC by a factor of about 3. The self-
diffusion coefficient of Li" is about one order of magnitude
lower than that of FSI" in all studied solvents, even though
the FSI™ ion is much larger than the Li" ion. This indicates a
strong coordination of the Li" ions by the solvent mole-
cules. The new data give quantitative information on the
mobility of the species in the studied solutions, which are
interesting electrolytes for LiB, and provide a basis for a
better understanding of the transport processes in these
systems.

The authors thank the German Research Foundation
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Research Center SFB/TRR173 Spin + X.
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Table 4. Experimental data of the self-diffusion coefficients of DMC, EC, Li*, and FSI™ ion in LiFSI solutions in binary mix-
tures of DMC and EC for a mole fraction of LiFSI of 0.1 mol mol™ at 298 K and ambient pressure.

Xgc [mol mol™] Dy (107 m%s™!] Dpgr- [107m%s7!] Dgc [107"° mm?s™'] Dpmc [1070m%s™]
0.0000 5.17 3.29 8.16

0.0494 4.85 3.24 5.09 7.56

0.1491 4.29 3.13 4.68 6.57

0.3282 3.36 2.64 3.96 5.52

0.5038 2.63 2.20 3.27 4.07

0.6650 2.07 1.81 2.62 3.13

0.8498 1.52 1.44 2.05 2.34

0.9513 1.30 1.23 1.73 1.96

1.0000 1.15 1.12 1.66

Standard uncertainties: u(x) = 0.0002 mol mol™, u(D) = 0.02.

Table 5. Parameters of the correlation functions for the self-diffusion coefficients of the solvents i (Eq. (4)) and ions j
(Eq. (5)) in LiFSI solutions in binary mixtures of DMC and EC for a mole fraction of LiFSI of 0.1 mol mol™ at 298 K and am-
bient pressure. R? is the coefficient of determination.

i J

DMC EC Li* FSI”
D >0 1.82-107" 536-107"
Ce k=14, j) -3.47-107° 1.05-107"° -2.05-107" -1.48-107"
R 0.9988 0.9970 0.9997 0.9950
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