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ABSTRACT: The uptake of LiO'Pr in Mg, (dobdc)
(dobdc*™ = 1,4-dioxido-2,5-benzenedicarboxylate) followed
by soaking in a typical electrolyte solution leads to the new
solid lithium electrolyte Mg,(dobdc) - 0.35LiOPr - 0.2SLiBF, -
EC-DEC (EC = ethylene carbonate; DEC = diethyl carbo-
nate). Two-point ac impedance data show a pressed pellet
of this material to have a conductivity of 3.1 X 10~*S/cm at
300 K. In addition, the results from variable-temperature mea-
surements reveal an activation energy of just 0.15 eV, while
single-particle data suggest that intraparticle transport dom-
inates conduction.

ecause of their high energy density and operating potential,
lithium ion batteries have been widely adopted in portable
electronics. However, to enable their implementation in traction
applications, such as for electric vehicles, considerable improve-
ments must still be made in terms of cost, energy and power
density, manufacture, and safety.' Advances in electrode chemis-
tries as well as the separator are needed to meet those challenges.
Currently, macroporous polymer membranes swelled with
lithium salts dissolved in orgamc carbonates are utilized as the
separator in lithium ion batteries.” The use of a liquid electrolyte
restricts battery shape and processing while also posing numer-
ous safety problems due to the potential leakage of corrosive
liquids and the volatility and flammability of the electrolyte
solvent.> Furthermore, the lack of rigidity for current battery
separators precludes the use of solid lithium as an anode, as
repeated cycling leads to lithium dendrites that can pierce
the separator and cause cell failure.* In contrast, a rigid, solid
separator could inhibit lithium dendrlte growth and allow the use
of metallic lithium as an anode.® In view of the high theoretical
capacity of lithium metal (3860 A h/kg) and its very negative
reduction potential (—3.04 V vs SHE), such an advance would
enable tremendous gains in energy capacity. Since the 1970s,
salts dissolved in sohd polyethers have been investigated as solid
electrolyte materials.® However, the low conductivities of such
materials at room temperature (10 $/cm) currently prevent
their use in battery applications. Other solid lithium electrolytes
either display total conductivities that are also too low or are
poorly compatible with the battery electrodes.”
Metal—organic frameworks (MOFs) are a broad class of
microporous solids that have been investigated primarily for
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their gas adsorption propertles as well as for possible applica-
tions in sensing,” drug delivery,' catalysis,' and optoelectronlcs
Recently, studies of electronic'® and proton conductivity'* have
also been reported. While the intercalation of lithium ions into
such materials has been observed'® and porous zeolites have
been investigated as fillers in solid polymer lithium electrolyte
systems'® as well as stand-alone solid electrolytes operating
at high temperatures (>300 °C),"” there have been no reports
to date of the use of MOFs as lithium electrolytes for possible
battery separator applications. Here we show that the incorpora-
tion of lithium isopropoxide into a MOF with open metal cation
sites can froduce a solid with an ionic conductivity of greater
than 10" S/cm at 300 K.

In our initial evaluation of MOFs as possible lithium electro-
lyte materials, we tested the ionic conductivity attained upon
uptake of a common electrolyte solution within MOF-177,'® Cu-
BTTri," and Mgz(dobdc).20 Each compound was soaked in a
1 M solution of LiBF, in a 1:1 mixture of ethylene carbonate
(EC) and diethyl carbonate (DEC), and the resulting materials
were dried and pressed into pellets. The pellets were then placed
in a thermostatted press, and their conductivities were measured
via two-point alternating current (ac) impedance spectroscopy.
A Solartron 1260 frequency response analyzer connected to a
Solartron 1296 dielectric interface and blocking stainless steel
electrodes were employed for this process. The conductivity of
each material was obtained by measuring the real impedance of
the semicircles of the Nyquist plots, taking the geometry of the
pellets into account. The 1mpregnated frameworks showed
conductivities on the order of 10" to 10~° S/cm (see Figure
S1 in the Supporting Information). The most promising material
was Mg, (dobdc), which upon uptake of the electrolyte solutlon
afforded a room-temperature conductivity of 1.8 x 10 ° S/cm.
Although Mg, (dobdc) was the most conductive of the materials
we measured, its conductivity was still 3 orders of magmtude
below what is desired for a battery electrolyte (10~ S/cm at
ambient temperature)* and 2 orders of magnitude below what is
considered the technological limit for a functional battery elec-
trolyte (10~ * S/cm).”

Researchers have previously effected postsynthetic modifica-
tions of MOFs via covalent modification of organic hgands“c’21
as well as through grafting of neutral ligands onto open
metal centers.'”” The structure of Mg,(dobdc) consists of
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Figure 1. Structure of Mg,(dobdc) and the scheme for its modification
to form the solid electrolyte. A representation of a cross-sectional view
along a channel of the solid is shown at the lower right [R = —CHS,-
CH,— (EC) or —CH,CH; (DEC)].

one-dimensional hexagonal channels with diameters of ~14 A
that are lined with coordinatively unsaturated Mg™* cation sites
(see Figure 1). We hypothesized that the presence of these sites
could facilitate the uptake of a lithium alkoxide, leading to a
higher ionic conductivity. Here the alkoxide anions might pre-
ferentially bind the Mg”* ions of the framework, pinning them in
place while leaving the Li" cations relatively free to move along
the channels. Moreover, variation of the alkyl group might allow
screening of the negative charge of the oxygen atom and modi-
fication of the pore content. Indeed, preliminary measurements
showed grafting of Li'OPr to give higher conductivities than
grafting of either LIOMe or LiOEt.

To perform the grafting, Mg, (dobdc) was activated by heating
under vacuum to remove all solvent followed by soaking for two
weeks with a hot solution of Li'OPr in hexanes (see Figure 1).
The solids were then washed with hexanes and dried under
reduced pressure. IR spectra of the resulting materials revealed
the emergence of aliphatic C—H stretches at 3200 cm ™', a new
C—O stretch at 1080 cm ™', and a broadening of what we
assigned as a Mg—O stretch at 450 cm™ ' (see Figure S2).”*
The results from elemental analyses are consistent with the
formula Mg,(dobdc)-0.SLiO'Pr. Subsequent soaking of the
material in a 1 M solution of LiBF, in 1:1 EC/DEC resulted in
uptake of 0.25 equiv of LiBF, and 2 equiv of carbonate solvent
(either EC or DEC) to give a compound having the formula
Mg, (dobdc) - 0.35LiOPr+ 0.25LiBF, - EC+-DEC. The decrease
in LiO'Pr content may be due to leaching of unbound lithium
alkoxide and/or exchange with LiBF,. It should be noted that in
concentrated solutions, Li" cations can be solvated by as few as
two carbonate molecules.”> Powder X-ray diffraction data for
this material indicated that the framework structure was pre-
served throughout the impregnation process (see Figure S3).
Thus, within the pores of the framework, we anticipate a high
density of charge carriers in close proximity to each other,
allowing Li" cations to hop from site to site while remaining
solvated by the carbonate molecules. The final sample was
obtained as a dry, free-flowing powder that could be readily
pressed into pellets.

Measurements performed on pellets of this material from mul-
tiple preparations afforded room-temperature conductivities falling
in the range (0.9—4.4) x 10~ *S/cm (see Figure 2). These values
are 2 orders of magnitude greater than the value of 1.8 X 107°s /cm
measured for a pellet of Mg,(dobdc)-0.0SLiBF,-xEC/DEC
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Figure 2. Nyquist plots of the ac impedance data obtained for (a—c)
pellets of (a) Mg,(dobdc)-0.05SLiBF,-xEC/DC (black W), (b) Mg,-
(dobdc)-0.35LiO'Pr-0.25LiBF,-EC-DEC (blue A), and (c) Mg,-
(dobdc)-0.06LiO'Pr+-xEC/DC (red ®) and for (d) thin films of
Mg,(dobdc) - 0.35LiOPr- 0.25LiBF,, -EC-DEC (green V).

Table 1. Conductivities, Molar Li" Concentrations, Molar
Conductivities, and Activation Energies for Pellets of Mg,-
(dobdc) with Various Electrolyte Loadings

o CLiv Ay E,
electrolyte loading (S/cm) ™M) (Scem™'MY)  (eV)
0.05LiBF, 1.8x107°  0.19 9.6 10°°¢ 0.31
0.06LiO'Pr 12x107° 023 52%x10°° 0.14

0.35LiO'Pr + 0.2SLiBF,  3.1x107* 13 24x107* 0.15

obtained simply by soaking Mg,(dobdc) in a LiBF, electrolyte
solution. Evaluation of the molar conductivities for these two
materials showed that in addition to increasing the lithium electro-
lyte content by a factor of 6.8, the grafting increased the molar
conductivity by a factor of 25, leading to the 170-fold increase in
conductivity (see Table 1). It should be noted that grain versus
grain boundary conduction within a pellet could not be resolved by
examination of the Nyquist plots because only one semicircle was
observed in each data set. However, the data did not form complete,
regular semicircles, indicating the presence of inhomogeneities in
the conduction pathway and therefore possible multiple conduc-
tion mechanisms, albeit with similar time constants.**

Varying the temperature of the pellets during the measure-
ments revealed Arrhenius-type activated behavior (see Figure 3).
The data indicated a low activation barrier of 0.15 eV for
conduction in the grafted material. In contrast, a much higher
activation energy of 0.31 eV was observed for the material incor-
porating just LiBF,, suggesting a fundamental difference in the
conduction mechanism. As a solid electrolyte with 107*S/cm
conductivity and an activation energy of less than 0.4 eV, the new
isopropoxide-grafted material can be classified as a superionic
conductor.”®

To probe the role of LiBF, in the conductivity of the new elec-
trolyte, we prepared pellets of a sample of Mg, (dobdc) incorporat-
ing LiOPr and the EC/DEC solvent but no LiBF,. Variation of
the grafting conditions enabled the preparation of Mg,(dobdc)-
0.06LiOPr-xEC/DC, for which the Li" concentration was ap-
proximately the same as in Mg,(dobdc) - 0.0SLiBF,-xEC/DEC.

14523 dx.doi.org/10.1021/ja205827z |J. Am. Chem. Soc. 2011, 133, 14522-14525



Journal of the American Chemical Society

COMMUNICATION

E,=0.415eV
4_%

x~
5
2 d
e E,=014eV
~
© %v—\‘_\"
j=2]
8
E,=031eV
34 a

L] L] T T
0.0029 0.0030 0.0031 0.0032 0.0033
UT (K

Figure 3. Arrhenius plots of ionic conductivity data obtained for Mg,-
(dobdc) - 0.05LiBF,-xEC/DC (black M), Mg,(dobdc)-0.35LiOPr-
0.25LiBF,-EC-DEC (blue A), and Mg,(dobdc)-0.06LiO'Pr-xEC/
DC (red ®).

For pellets of the new isopropoxide-grafted sample, a typical
conductivity of 1.2 x 10> S/cm was obtained (Figure 2c);
however, considerable variation was observed here, with results
sometimes being as low as 10~ S/cm. We speculate that without
the presence of additional LiBF, on the surfaces of the MOF
crystallites, it may be difficult to obtain good interparticle
conductivity as well as reproducible interfacial contacts between
the pressed pellet and the electrodes. This observation is con-
sistent with other reforts on the measurement of conductivities
of solid electrolytes.”® Importantly, despite the lower conductiv-
ity values, the activation energy of 0.14 eV for this sample was
similar to that obtained for Mg,(dobdc) -0.35LiO'Pr -0.25Li-
BF,-EC-DEC.

While the impedance measurements were unable to distin-
guish intra- versus interparticle conduction, a peculiarity of
Mg,(dobdc) crystallite growth provided a means of probing
the intraparticle conductivity. The compound can be formed as
polycrystalline solid thin films in which the channel axes, along
which ionic transport would be expected, are oriented normal
to the film.*” Indeed, scanning electron microscopy imaging
showed our preparations to afford material mainly of this form
(see Figure S4), as grown on the surface of the borosilicate glass
vials. A free-standing sheet of one of these films with the dimen-
sions 1 mm X 2 mm X 0.4 mm was isolated and subjected to the
same grafting and lithium electrolyte soaking treatment as used in
the preparation of the bulk solid electrolyte, and ac impedance
measurements performed directly on the film revealed a con-
ductivity of 5.5 x 10> S/cm (see Figure 2d), which is on the
same order of magnitude as obtained for pressed pellets of the
bulk material. This result suggests that intraparticle processes
rather than boundary processes dominate the conduction. It is
possible that alignment of the conduction channels in the
polycrystalline particles may even help to increase conductivity,
since studies of lithium conductivity in polymers with anisotropic
domains have revealed strong alignment and orientation
effects.”® The attainability of thin, oriented films could perhaps
facilitate the development of methods for processing the new
solid electrolyte and integrating it within devices.

The foregoing results demonstrate a promising new approach
for creating solid lithium electrolyte materials. Incorporation of a
lithium alkoxide within a porous metal—organic framework with
open metal centers, such as Mg,(dobdc), can lead to pinning of

the counteranions and high ionic conductivities at ambient tem-
peratures. The resulting conductivity values of 10~* S/cm are
highly reproducible and at the technological limit for battery
separator applications. Efforts are underway to elucidate the
mechanisms of ionic conduction within the new electrolyte
material and obtain Li" ion mobilities and transference numbers
via direct current polarization transference measurements and
Li NMR diffusion measurements.”>* In addition, the perfor-
mance of this material upon cycling within a lithium battery cell
will be evaluated.
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