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The effect of nanoscale confinement of a salt on its ionic conductivity
was studied for [NEt;1[TFSI] melt-loaded in three isoreticular zirconium-
based MOFs: UiO-66, UiO-67, and PCN-56. Conductivity of the MOF-
salt composites was up to a factor of 50 higher than the pure salt, and
maximized with slightly less than full loading of the MOFs.

Solid state electrolytes are of interest for lithium-ion batteries
for increased safety and as an enabling technology for lithium
metal anodes." The most common solid-state electrolytes are
inorganic ionic solids such as Li;P3;S;; that have vacant or
interstitial Li" ions that provide a low-energy pathway for ion
movement.” Alternatively, amorphous or glassy inorganic solids
are disordered and can have the high ionic conductivity neces-
sary for solid electrolytes.® For normally crystalline inorganic
salts, it is sometimes possible to induce disorder and enhance
ionic conductivity through the formation of a composite with
an insulator such as Al,O; that disrupts the salt structure at the
interfaces between the salt and Al,0;.*° Mesoporous alumina
has porosity on the nanometer scale, and studies of Lil loaded
in mesoporous alumina found ionic conductivity enhancement
over pure Lil, and the largest effect was observed in the smallest
pore size examined, 4.2 nm.*” Similar confinement of salts in a
microporous host (pore diameter <2 nm) would be expected to
lead to an even higher enhancement of ionic conductivity.
Metal-organic frameworks (MOFs) are just such materials,®
with high porosity and crystallinity leading to well-defined pore
sizes and chemical environments. There are sets of “isoreticu-
lar” MOFs that have the same metal cluster nodes and network
topology with organic linkers of varying lengths, providing a set
of MOFs that vary primarily in pore size. Additionally, the vast
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majority of MOFs are electrically insulating, an important
feature of any solid electrolyte to be used in a battery.

Herein we describe a study of the electrical properties of the
salt tetraethylammonium bis(trifluoromethylsulfonyl)-imide,
[NEt,|[TFSI] (Fig. 1a), loaded in an isoreticular series of
zirconium-based MOFs. The salt [NEt,|[TFSI] was used
because its low melting point (102 °C) allows for loading of
the salt in the molten state under solvent-free conditions such
that solid-state ionic conductivity of the salt-MOF composites
can be probed in the absence of competing solvent-mediated
pathways.® [NEt,][TFSI] serves as a model for other salts
(LiTFSI, Mg(TFSI),, etc.) that are of interest for solid electrolytes
in metal-ion batteries, and a mixture of the ionic liquid
[emim][TFSI] (emim = 1-ethyl-3-methlylimidazolium) and
LiTFSI loaded in UiO-67 or MOF-525 has been reported as a
lithium ion battery solid electrolyte.*"*

Various MOFs and covalent organic frameworks (COFs) have
been reported as components of solid ion conductors® with
intentional functionalization to make them anionic and/or
include added solvent and salts.”>™*® Our goal is to study the
conductivity enhancement of a salt that is purely due to its
spatial confinement within a MOF, with no solvent or other
additives present. Many room-temperature ionic liquids (ILs)
have been loaded in MOFs to make composites for a variety of
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Fig. 1 Structure of the (a) salt [NEt4][TFSI], (b) linkers for UiO-66 (top),
UiO-67 (middle), and PCN-56 (bottom), and (c) UiO-66.
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applications.™® ™
ionic conductivity than the neat IL at low temperatures (where
the neat IL is solid), as discussed below.>***

The MOFs employed here are UiO-66, UiO-67, and PCN-
56.>¢%7 Powder X-ray diffraction (PXRD) patterns matched the
literature patterns, and the BET surface areas determined by N,
sorption isotherms were 1601, 2824, and 3318 m” g, respec-
tively (see ESIL{ Fig. S1 and S2). They are isoreticular and all
have Zrs04(OH),(O,CR);, nodes. The structure of UiO-66, along
with the linkers for all three MOFs, are shown in Fig. 1b and c.
The increasing linker length from UiO-66 to UiO-67 to PCN-56
leads to increased pore sizes and fractional void space within
the MOFs along the series (Table 1). Zirconium-based MOFs are
among the most chemically stable MOFs and provide an inert
porous framework in which to load the salt.

From the fractional void volume of each MOF, the theoretical
maximum loading of [NEt,][TFSI| can be calculated, assuming the
[NEt,][TFSI] loads at the same density as in a pure crystal
(Table 1). Actual loadings will be lower because the salt will not
pack as densely in the MOF as in a pure crystal. The maximum
[NEt,][TFSI] loading in each MOF was determined by differential
scanning calorimetry (DSC) and PXRD. In both cases the loading
occurred when molten [NEt,][TFSI| was drawn into the activated
(empty) MOF by capillary forces. The salt [NEt,|[TFSI] cannot
attain its crystalline structure when it is in the MOF pores—the
octahedral pores of UiO-66, for example, have space for only ~1.3
ion pairs (Table S1 in the ESIt shows the calculated capacity for
both pores in each MOF). Therefore, as previously observed in
related materials,”*® the salt will not display the characteristic
endothermic melting of pure [NEt,|[TFSI] in the DSC trace of the
composite, nor will the PXRD pattern have the peaks due to
crystalline [NEt,][TFSI]. For each MOF, physical mixtures of the
MOF and different mass fractions of [NEt,|[TFSI] were made by
grinding the two together. These mixtures were used directly for
DSC experiments, and PXRD patterns were examined before and
after heating the mixture above the melting point of [NEt,][TFSI].

The DSC trace of pure [NEt,][TFSI] (Fig. 2a) is similar to a
published thermogram,?® showing a small endotherm due to a

Some of those composites exhibited a higher

polymorphic phase transition at 53 °C and an endotherm due
to melting at 102 °C. The multi-cycle DSCs of two different
compositions of [NEt,|[TFSI]-UiO-67 illustrate the difference
between a composition at which the salt can fully load (38.4%
[NEt,][TFSI] and 61.6% UiO-67 by mass) and one at which some
salt cannot load (50.0% [NEt,][TFSI] and 50.0% UiO-67). In the
DSC trace of 38.4% [NEt,][TFSI] (Fig. 2b), run through two
cycles from 40 °C to 130 °C to 40 °C at 10 °C min ™, on the first
cycle the endothermic polymorphic phase transition at 53 °C is

Table 1 MOF pore diameters and fractional void volume and salt loading

Pore Fractional Mass% Mass%
diameters void [NEt,][TFSI] [NEt,][TFSI]
MOF (nm) volume theor. full loading loading achieved
Uio-66 0.8, 1.1 0.481 38.3 38.4
Uio-67 1.2, 1.6 0.655 58.8 46.6
PCN-56 1.6, 2.0 0.728 68.1 50.0
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Fig. 2 DSC traces of (a) neat [NEt4][TFSI], (b) 38.4% [NEt4][TFSI] and 61.6%
UiO-67 by mass, and (c) 50.0% [NEt4][TFSI] and 50.0% UiO-67 by mass. (d)
PXRD pattern of [NEt4][TFSI], UiO-66, and various mixtures of the two after
heating at 130 °C for 30 min and cooling to room temperature.

observed, followed by an exotherm at 99 °C, with no melt
endotherm at 102 °C. Apparently the heat released due to the
adsorption of the liquid [NEt,][TFSI] in the MOF is greater than
the heat required to melt the [NEt,][TFSI], and these processes
happen simultaneously, slightly below the melting point of
[NEt,][TFSI]. On the second cycle of the DSC, no thermal events
are observed, indicating that the [NEt,][TFSI] has completely
adsorbed into the pores of the UiO-67. The DSC trace of 50-50
[NEt,][TFSI]-UiO-67 mixture is shown in Fig. 2c. In this case
four complete thermal cycles between 40 °C and 130 °C were
run, with 5 min, 30 min, 60 min, and 24 h holds at 130 °C. In
the first cycle there is an exotherm at 95 °C due to the
adsorption of liquid [NEt,][TFSI] into the UiO-67. However, in
contrast to 38.4 mass% [NEt,|[TFSI], an exotherm due to
solidification of liquid [NEt,][TFSI] is observed during the
cooling portion of the first cycle at 84 °C, indicating that there
is some [NEt,]|[TFSI] not adsorbed into the MOF. In the second
and subsequent cycles, a melt endotherm is observed on the
heating cycle (93 °C) and a freezing endotherm on the cooling
cycle (83 °C), indicating that there remains [NEt,][TFSI] not
adsorbed into the MOF. Similar experiments were performed
across a range of compositions for all three of the MOFs (see
ESLt Fig. S3-S6 for DSCs (including larger versions of 2a-2c),
Table S2 for loadings tested).

PXRD can be similarly used to monitor the loading of
[NEt,][TFSI] in the MOFs. Fig. 2d shows the PXRD pattern of
pure [NEt,][TFSI], pure UiO-66, and various mixtures of
[NEt,][TFSI] and UiO-66 after heating to 130 °C for 8-16 h
and cooling to room temperature. The samples with 33.3% and
38.4% [NEt,|[TFSI] show diffraction peaks only from UiO-66,
indicating that all of the [NEt,][TFSI| has loaded into the MOF
and no crystalline [NEt,|[TFSI] is present. In contrast, the PXRD
patterns from the samples with 42.8% and 46.6% [NEt,]|[TFSI]
both show diffraction peaks from [NEt,][TFSI] (in addition to
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the UiO-66 peaks), indicating that crystalline [NEt,][TFSI] is
present that has not been adsorbed in the MOF. These results
are consistent with those from DSC experiments, where 38.4%
[NEt,][TFSI] was completely adsorbed in the MOF but 42.8%
was not. There is agreement between the results of DSC and
PXRD determinations of the completeness of loading for all
three MOFs (see ESIL T Fig. S7-S9 (including larger version of
Fig. 2d), Table S2 for loadings tested).

The highest mass fractions for which complete loading of
[NEt,][TFSI| was achieved was 38.4% for UiO-66, 46.6% for UiO-
67, and 50.0% for PCN-56, as shown in the last column of
Table 1. UiO-67 and PCN-56 load to less than their theoretical
values, as packing in the MOF is less efficient than in crystalline
[NEt,][TFSI]. UiO-66 loads to almost exactly the theoretical
value, likely due to the presence of missing-linker and
missing-node defects, which means that the actual void volume
is higher than the theoretical void volume.*°

Electrochemical impedance spectroscopy (EIS) was used to
determine the ionic conductivity of various compositions of
different MOF-[NEt,|[TFSI] composites as a function of tempera-
ture. One set of Nyquist plots of data recorded at temperatures
from 22 °C to 90 °C for the UiO-67 composite with 42.8 mass%
[NEt,][TFSI] is shown in Fig. 3a (others in the ESL} Fig. S10-S12).
Fig. 3b-d show plots of the log(conductivity) versus the mass
fraction of [NEt,][TFSI] in composites with the three MOFs. For
each MOF, the conductivity tends to increase as the [NEt,][TFSI]
content increases, until it then decreases at the [NEt,][TFSI] mass
fraction that corresponds to complete filling of each MOF (indi-
cated by the vertical dashed blue lines in Fig. 3). The increase in
conductivity as [NEt,J[TFSI| content increases is due to the
increasing number of charge carriers. The decrease at full capacity
for each MOF is intriguing—we hypothesize that this is due to the
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Fig. 3 (a) Nyquist plots for the UiO-67 composite with 42.8 mass%
[NEt4][TFSI] at temperatures from 22 °C to 90 °C. Plots of the
log(conductivity) versus the mass fraction of [NEt4][TFSI] in composites
with (b) UiO-66, (c) UiO-67, and (d) PCN-56. The dashed blue line
represents the maximum salt loading that can be achieved experimentally
for each MOF.
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lack of empty space within the MOFs, hindering ion movement.
At less than full capacity, there are some empty voids in the MOF
interior akin to vacancies in a crystalline salt, facilitating ion
movement. A previous study found that a [emim][N(CN),] (m.p. =
—12 °C) composite with the zirconium-based MOF PCN-777 had
higher conductivity than solid [emim][N(CN),] (at temperatures
below the m.p. of the IL), and that the room-temperature con-
ductivity of the composite was at a maximum at ~62% filling of
the porous volume, similarly observing a maximum in conductiv-
ity at less-than-complete filling.>® Additionally, a combined experi-
mental and computational study of the ionic conductivity of the IL
[bmim][TFSI] (bmim = 1-butyl-3-methlylimidazolium) in the MOF
HKUST-1 found decreased conductivity at the highest filling of
the IL.** Those simulations suggest that transport is limited at
the MOF pore apertures where cations encounter anions
moving in the opposite direction under the influence of the
applied electric field.

Another feature in the conductivity data for all three MOF-
salt composites is the increase in conductivity at [NEt,|[TFSI]
content slightly higher than that required to completely fill the
MOF pores. The conductivity of pure [NEt,|[TFSI], (Fig. 3b-d,
mass fraction = 1.0), is generally lower than that of the
[NEt,][TFSI]-loaded MOFs. So a mixture of [NEt,|[TFSI]-filled
MOF and [NEt,]|[TFSI] might be expected to have a lower
conductivity than the [NEt,][TFSI]-filled MOF. However, a par-
ticular limitation to the conductivity of the [NEt,][TFSI}-filled
MOF is likely inter-particle transport of ions between MOF
particles, and excess [NEt,][TFSI] external to the [NEt,|[TFSI]-
filled MOF particles facilitates movement of ions between parti-
cles. At even higher [NEt,|[TFSI| content the conductivity again
begins to decrease, as the content of the pellet becomes higher in
[NEt,][TFSI] external to the MOF, and neat [NEt,|[TFSI] has lower
conductivity than the MOF-|{NEt,|[TFSI| composites.

The log(conductivity) as a function of temperature is given
in Fig. 4a for the highest conductivity composite of each MOF,
along with that of pure [NEt,][TFSI]. All conductivities increase
with temperature. The composites have higher conductivity
than neat [NEt,][TFSI], exhibiting the conductivity enhance-
ment that we sought due to confinement of the salt in the
MOFs. The optimally loaded PCN-56 shows the highest con-
ductivity enhancement, with UiO-67 next and UiO-66 with the
least. One reason for this order of relative conductivity may be

a) -30 b)
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Fig. 4 (a) Temperature dependence of conductivity of [NEt,][TFSI] and
three [NEt4][TFSI]-MOF composites, and (b) Arrhenius plot for the con-
ductivity of the PCN-56-[NEt][TFSI] composite with 46.6 mass%
[NEt,I[TFSI].
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the mass fraction of [NEt,][TFSI] in each composite, with PCN-
56 having the most and UiO-66 the least. Another factor is that
the pore aperture increases in size from about 6 A in UiO-66 to
8 A in Ui0-67 to 10 A in PCN-56,% and the rate-limiting step
of ion movement may be traversing the aperture, with ions
becoming “jammed” at the aperture.® A final factor that
changes across the series of MOFs is the relative amount of
inorganic ZrsO4(OH), node versus organic species present, with
6, 12, and 18 linker benzene rings per node in UiO-66, UiO-67,
and PCN-56, respectively. If the interaction of the [NEt,][TFSI|
ions is stronger with the polar metal-oxo-hydroxo nodes than
with the organic linkers, as would be expected, then a higher
proportion of organic material leads to weaker interactions
with the framework overall and more facile ion conductivity.

Fig. 4b is an Arrhenius plot for the conductivity of the PCN-56-
[NEt,][TFSI] composite with 46.6 mass% [NEt,]|[TFSI]. The calcu-
lated activation energy (E,) of conductivity is 0.88 eV, compared to
0.58 eV for neat [NEt,|[TFSI] (see ESI1 Fig. S13-S16 and Tables
$3-520 for Arrhenius plots and calculated E, for neat [NEt,][TFSI]
and for other MOF-[NEt,][TFSI] composites). For PCN-56-
[NEt,][TFSI] to have a conductivity higher than that of neat
[NEt,][TFSI] by an order of magnitude or more, despite having a
significantly higher E, of conductivity, indicates that there is a
much higher charge carrier density in PCN-56-[NEt,][TFSI| com-
posite than in crystalline [NEt,][TFSI]. Adsorption of the salt in the
MOF results in a non-crystalline salt with an extremely high
concentration of mobile ions, particularly when the MOF is less-
than-completely full, leaving vacancies that enhance ion mobility.
That results in a much higher concentration of mobile ions than
would be present in the crystalline salt [NEt,][TFSI]. The high E, of
conductivity in the MOF-salt composite compared to the crystal-
line salt [NEt,][TFSI] indicates that there is a lower-energy pathway
for ion movement in the crystalline salt than in the salt loaded in
the MOF—a surprising result. The low E, for pure [NEt,|[TFSI] is
due to unusually facile ion motion in a crystalline salt—it might
be considered an “organic ionic plastic crystal”.>* The relatively
higher E, in the PCN-56-[NEt,|[TFSI] composite indicates that
there are fairly strong MOF-ion interactions. This points to a
means by which the conductivity of such composites can be
increased—MOFs with weaker interactions with the salt will likely
lead to lower E, and higher conductivity.

In conclusion, the spatial confinement of [NEt,][TFSI] in the
nanoscale pores of three different MOFs results in an increase
of its ionic conductivity compared to pure [NEt,][TFSI], with the
greatest enhancement in conductivity for the MOF with the
largest pores. In all three MOFs, the maximal increase in
conductivity was achieved with a loading of salt that was
slightly less than that required for complete filling of the
MOF pores. The E, of conductivity is higher in the MOF-salt
composites than in the pure salt, but the significantly higher
concentration of mobile ions in the composites results in a
higher conductivity than in the neat salt.
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Storage Research (JCESR), an Energy Innovation Hub funded by the
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