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Plastic crystallinity of lithium salt, [LiB(OCH,CH,OCH3)4]
(1), and its solid-state ionic conductivity are disclosed. The
addition of small amounts of lithium bis(trifluoromethanesulfonyl)-
imide (LiTFSI) to borate 1 led to the drastic increase of the ionic
conductivity and lithium transport number of the electrolyte.

Plastic crystal (PC) is a solid in the mesophase between a liquid
and a crystal. It shows some disorder in molecular orientation
or conformation within the crystalline lattice. Recently, the
mixture of lithium salt with PC has attracted considerable
attention owing to its potential application as a solid
electrolyte.'™ Because electrolytes in current lithium ion batteries
(LIBs) consist of flammable organic liquids that can cause a
serious accident when the electrolyte solution leaks and then
combusts, novel solid lithium electrolytes are required.®”’
Previous work on the synthesis of solid PC-based
electrolytes mainly focused on the addition of lithium salt to
plastic crystalline materials such as tetraalkylammonium, or
heterocyclic cations.>™ These electrolytes show high ionic
conductivities. However, the lithium transport numbers
(tri+) of these materials are low since these PCs consist of
transportable ionic species. Nevertheless, when a neutral
plastic crystalline matrix, such as succinonitrile, is used, the
conduction of the counter anion of lithium salt leads to a
decrease in fp;+. Low f1;+ values cause a large internal
resistance of battery as a result of the gradient of the ionic
concentration of the electrolyte. For this reason, a novel
strategy to increase ty;y of the PC-based electrolyte is
necessary for the development of next-generation batteries.
To increase the 7;+ value of the PC-based electrolyte, we
developed a plastic crystalline lithium salt. In general, the size
of the counter anions in the lithium salt is larger than that of
the lithium ions. Therefore, anion conduction is inhibited in
the plastic crystalline lithium salt, yielding a large #;;+ value.
Based on this idea, we investigated the molecular design of a
counter anion using borate that is based on the structure of
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Fig. 1 Molecular structure of lithium borate 1.

Li*

pentaerythritol, which shows plastic crystallinity under thermal
conditions.'™!'" Herein, we show the plastic crystallinity of
lithium salt, Li{B(OCH,CH,OCH3;),] (1), with solid-state ionic
conductivity and high lithium transport number (7y;+)
(Fig. 1).

Sochor et al. reported that the reaction of 2-methoxyethyl
ester of boric acid with lithium hydride resulted in the
formation of a mixture of 1 and LiBH,.'>'3 It is the first
report about borate 1, although the isolation of 1 has never
been investigated. In this study, we prepared 1 via a one-pot
ligand exchange reaction using [LiB(OCH;)4]'* as a starting
material. The solution of [LiB(OCHj3),] in 2-methoxymethanol
was refluxed under a nitrogen atmosphere for 24 h followed by
the removal of the solvent under reduced pressure. Crystall-
ization from hot acetonitrile gave 1 as a white powder in a
71% yield. The XRD pattern of 1 measured at room temperature
showed strong diffractions, indicating that this compound is a
crystalline solid at ambient temperatures (Fig. S1, ESI¥).

The formation of 1 was confirmed by the NMR spectra
(Fig. S2, S3 and S4, ESIY). The '"H NMR spectrum of 1
measured in CDCl; gave three signals at 3.52 and 3.44 ppm,
assignable to methylene protons, and at 3.31 ppm, attributable
to the methyl group, in an intensity ratio of 2 : 2 : 3 (Fig. S2,
ESIt). In the ''B NMR, the signal of 1 appeared at 2.64 ppm
(Fig. S4, ESIY).

Fig. 2 depicts the differential scanning calorimetry (DSC)
curve of 1 measured from 25 to 150 °C under a nitrogen flow.
Borate 1 afforded two endothermic peaks at 74.2 and 137.3 °C.
The first peak is attributed to the phase transition from crystal
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Fig. 2 DSC curve of 1.
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Fig.3 Conductivities of 1 (black), 1-0.1 (red), 1-0.5 (green), and 1-1.0
(blue) as a function of temperature.

to plastic crystal (PC) and the second peak to melting. The
small entropy value, 1.6 J K ™' mol ™!, for the second peak for 1
supported the existence of a PC phase in 1 since these
values were less than the criterion set by Timmermans:'
AS,, < 20 J K ' mol™'. To the best of our knowledge, 1 is
the first example of a plastic crystalline lithium salt.

To analyze the ionic conductivity of the plastic crystalline
lithium salts, the powder of the lithium salt was dried under
reduced pressure for at least 48 h, followed by pressing into a
disk. The disk was placed between a pair of stainless-steel
electrodes in a cell for ac impedance measurements. The ac
impedance data showed a well-defined semicircle and a
low-frequency spike (Fig. S5, ESIt). These data indicated that
the grain boundary resistances of the electrolyte were quite small.

The conductivities of lithium borate 1 were measured over a
temperature range from 20 to 120 °C (Fig. 3). The ionic
conductivities were calculated from the touchdown point on
the Z’-axis in a Nyquist plot of the products, which indicated
the resistance of the sample. The conductive behavior clearly
correlated to the observations from thermal analysis. With
increasing temperature, the ionic conductivity of 1 increased
from 1.51 x 107" Scm ™' to 3.14 x 1078 S cm™! in the plastic
crystalline phase.

To improve the conductive property, small amounts of
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) were
added to 1 to give 1-n (n = amount of LiTFSI). Fig. 3 shows
ionic conductivities of the obtained electrolytes. This figure
clearly indicates that the addition of LiTFSI to 1 led to a
dramatic increase in the ionic conductivity. Conductivities
of 1 and 1-0.1 measured at 90 °C were 1.02 x 10~% and
7.41 x 107> S em™ ', respectively. Surprisingly, the addition
of only 0.1 equivalents of LiTFSI increased the ionic
conductivity approximately 7000 times. The electrochemical
stability of 1-0.1 is shown in Fig. S6 (ESI). The measurement
revealed a stability window between 1.9 and 3.6 V at 80 °C.

The lithium transport numbers of electrolytes were determined
via a DC impedance polarization method using lithium foils as
non-blocking electrodes.'® Borates 1 and 1-0.1 showed similar
tri+ values, which were ca. 0.3 at 80 °C (Fig. S7, ESI¥).
The literature reports a common coordination number of
lithium complexes from 4 to 6.7 Borate 1 provided multiple

coordination sites for the lithium ions since 1 possessed eight
oxygen atoms on its glyme chains. Therefore, a part of the
borate anion in 1 did not interact with the lithium ion.
Conduction of the free anions took place, decreasing the
tr;+ of 1.

Interestingly, 1-0.1 showed an increased #;;+ value of 0.7 at
40 °C (Fig. S8, ESI¥). Since the DSC curve of 1-0.1 (Fig. S10,
ESIt) was almost identical to that of 1 (Fig. 3), 1-0.1 behaved
as a crystal below 74 °C, indicating that the ionic conduction
through 1-0.1 occurred both under the crystalline state and the
plastic crystalline phase. The conduction mechanism through
the crystal and the PC phases of 1-0.1 should have been
different. In the crystal lattice of 1-0.1, defects were probably
introduced by the addition of small amounts of LiTFSIL
Hence, lithium ion conduction in the crystal phase of 1-0.1
likely occurred via a hopping mechanism through the vacant
space in the crystal lattice. Previous reports proposed a similar
conduction mechanism in regards to the crystalline polymer
electrolytes.'® 22 Since the volume of the lithium ion was small
compared with that of the anions in 1-0.1, the lithium ion
conduction proceeded preferentially to give a large #1;+ value.
In general, the electrolytes consisted of an ionic matrix and
lithium salt possessed a low f;;+, which was approximately
0.01-0.35.232 Compared with the reports, 1-0.1 showed very
large #1;+ values since this electrolyte was a solid composed of
only lithium salts.

The t1;, of 1-0.5 and 1-1.0 at 40 °C were 0.6 and 0.1,
respectively. Because the addition of large amount of LiTFSI
to 1 increased the TFSI anion content in the electrolyte, the
increased conduction of the TFSI anion reduced the
tri+ value. 1 existed as a crystal at room temperature, and
changed to a plastic product above ca. 80 °C. The addition of
more than 0.5 equivalents of LiTFSI to 1 led to a decrease in
the melting point. The melting points of 1-0.5 and 1-1.0 were
51.6 and 54.1 °C, respectively, as shown in Fig. S11 and S12
(ESIt). On the other hand, 1-2.0 was a room-temperature
ionic liquid with high viscosity, although it was composed of
only two lithium salts without matrix materials.

We demonstrated a new concept in the construction of
solid lithium electrolytes based on PCs with large f;;,. We
developed the novel lithium salt 1 using the simple ligand
exchange reaction of borate. Borate 1 showed plastic
crystallinity and solid-state ionic conductivity. With the
addition of small amounts of LiTFSI to 1, we succeeded not
only in drastically increasing ionic conductivity but also in
inducing a large #;;+.

This work was supported by JST PREST program and
Tatematsu Foundation.

Notes and references

1 D. R. MacFarlane, J. Huang and M. Forsyth, Nature, 1999, 402,
792.

2 D. R. MacFarlane and M. Forsyth, Adv. Mater., 2001, 13,
957.

3 Y. Abu-Lebdeh, P. J. Alarco and M. Armand, Angew. Chem., Int.
Ed., 2003, 42, 4499.

4 P. J. Alarco, Y. Abu-Lebdeh, A. Abouimrane and M. Armand,
Nat. Mater., 2004, 3, 476.

5 Y. Abu-Lebdeh, A. Abouimrane, P.-J. Alarco and M. Armand,
J. Power Sources, 2006, 154, 255.

6 J. M. Tarascon and M. Armand, Nature, 2001, 414, 359.

6312 | Chem. Commun., 2011, 47, 6311-6313

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/C1CC00070E

Published on 21 April 2011. Downloaded by TECHNISCHE UNIVERSITEIT EINDHOVEN on 04/06/2014 03:43:53.

View Article Online

7 P. G. Bruce, B. Scrosati and J. M. Tarascon, Angew. Chem., Int.
Ed., 2008, 47, 2930-2946.

8 M. Armand and J. M. Tarascon, Nature, 2008, 451, 652.

9 M. Armand, F. Endres, D. R. MacFarlane, H. Ohno and
B. Scrosati, Nat. Mater., 2009, 8, 621.

10 I. Nitta and T. Watanabe, Bull. Chem. Soc. Jpn., 1938, 13, 28.

11 N. Doshi, M. Furman and R. Rudman, Acta Crystallogr., Sect. B:
Struct. Crystallogr. Cryst. Chem., 1973, 29, 143.

12 P. Sochor, H. Kadlecova and O. Strouf, Collect. Czech. Chem.
Commun., 1975, 40, 3177.

13 O. Kiiz and P. Sochor, Collect. Czech. Chem. Commun., 1976, 41,
193.

14 J. Barthel, R. Buestrich, E. Carl and H. J. Gores, J. Electrochem.
Soc., 1996, 143, 3572.

15 J. Timmermans, J. Phys. Chem. Solids, 1961, 18, 1.

16 J. Evans, C. A. Vincent and P. G. Bruce, Polymer, 1987, 28,
2324.

17 U. Olsher, Chem. Rev., 1991, 91, 137.

18 X. Wei and D. F. Shriver, Chem. Mater., 1998, 10, 2307.

19 Z. Gadjourova, Y. G. Andreev, D. P. Tunstall and P. G. Bruce,
Nature, 2001, 412, 520.

20 A. M. Christie, S. J. Lilley, E. Staunton, Y. G. Andreev and
P. G. Bruce, Nature, 2005, 433, 50.

21 C. Zhang, S. Gamble, D. Ainsworth, A. M. Z. Slawin,
Y. G. Andreev and P. G. Bruce, Nat. Mater., 2009, 8, 580.

22 C. Zhang, D. Ainsworth, Y. G. Andreev and P. G. Bruce, J. Am.
Chem. Soc., 2007, 129, 8700.

23 T. Fromling, M. Kunze, M. Schonhoff, J. Sundermeyer and
B. Roling, J. Phys. Chem. B, 2008, 112, 12985-12990.

24 S. Seki, Y. Ohno, H. Miyashiro, Y. Kobayashi, A. Usami, Y. Mita,
N. Terada, K. Hayamizu, S. Tsuzuki and M. Watanabe,
J. Electrochem. Soc., 2008, 155, A421.

25 H. Sakaebe and H. Matsumoto, Electrochem. Commun., 2003, 5,
594.

26 S. S. Moganty, N. Jayaprakash, J. L. Nugent, J. Shen and
L. A. Archer, Angew. Chem., Int. Ed., 2010, 49, 9158.

This journal is © The Royal Society of Chemistry 2011

Chem. Commun., 2011, 47, 6311-6313 | 6313


http://dx.doi.org/10.1039/C1CC00070E

