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Varying degrees of ethylene oxide (EO) functionalization of the
zirconium MOF UiO-68 affords two novel MOFs; UiO-68-EO and
UiO-68-2EO, exhibit solvent-free ionic conductivity upon loading
LiTFSI in their pores. Incorporating EO chains provides a pathway
for lithium ion migration between the coordinated sites and results
in an ionic conductivity of 3.8 x 107 S/cm and 3.9 x 10 S/cm at 90
°C for UiO-68-EO/LITFSI and UiO-68-2EO/LITFSI respectively.

Solid-state batteries, batteries employing solid electrolyte
systems, can achieve improved safety, stability, energy density,
capacity, and are an enabling technology for lithium metal
anodes.>? A variety of inorganic, organic, and inorganic—organic
hybrid solid electrolytes have been developed and
investigated.3 Although great advances have been made in the
field, one of the fundamental challenges that remains is
achieving acceptable ionic conductivity (102 to 103 S/cm) in
these systems.*> Towards this goal, one promising approach
shown to enhance ionic conductivity is to design salt-insulator
composites with structural disorder at the salt-insulator
interface.®’” Metal-organic frameworks (MOFs) are ideal for
such applications because confinement of salt in their ordered
channels, which can potentially act as predesigned conduits for
ion motion, inherently induces disorder at salt-insulator
interfaces.®® We recently demonstrated this principle in
observing a significant enhancement in ionic conductivity of
tetraethylammonium bis(trifluoromethylsulfonyl)-imide
(INEt4][TFSI]) by confining it within an isoreticular series of
zirconium-based MOFs: UiO-66, UiO-67, and UiO-68-(CHs), (i.e.
PCN-56).1° The study found that the enhancement was
dependent on the pore sizes within these 3-dimensional
networks with the largest pore MOF, PCN-56, exhibiting the
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maximum enhancement (factor of 50 relative to [NEt,][TFSI]).
Extension of this approach to lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in PCN-56 (Fig. 1)
was not successful due to low/negligible ion dissociation and
resultant poor lithium ion transport. lon dissociation and
transport in LiTFSI-polymer composite systems has been widely
investigated and research suggests that greater ion dissociation
and mobility is facilitated via incorporation of chelating organic
functionalities due to their propensity to interact with lithium
ions.1!

Within LiTFSI-polymer composite systems, poly(ethylene oxide)
(PEO) is the most widely researched solid electrolyte.? The
well-established oxophilicity of lithium ions allows PEO, having
a large number of donor oxygen atoms, to complex with LiTFSI
and provide lithium ions with well-connected solvation shells,
thus resulting in reasonable ionic conductivity.’®> Additionally,
the large TFSI anion size and its diffuse distribution of charge
results in a uniform dispersion of LiTFSI within the PEO
matrix.1214 As lithium ion conductivity in these systems arises
(EO)
hypothesized that incorporation of EO functionality within
other systems, such as PCN-56/LiTFSI or UiO-68/LiTFSI (UiO-68
is isostructural to PCN-56; only difference being the absence of

due to lithium-ethylene oxide interactions we

CHj; groups on the linker),'>16 may have a similar effect. While
of UiO-68
straightforward approach, the reduction in pore volume, being

introducing PEO into the pores seems a
occupied by polymer, would block the access of pores by LiTFSI
and phase separation as a function of salt loading is a potential
concern. Thus, a synthetic modification approach whereby EO
chains were grafted onto the pore walls of UiO-68 was
envisaged as the ion-EO

interactions for increased ion dissociation and mobility while

providing necessary lithium
preserving pore space for improved ion migration-a truly
hybridized approach. The ionic conductivity of the resulting
functionalized MOFs was then compared to the conductivity of
the PCN-56/LiTFSI. Though a prior covalent integration of EO
chains within an anisotropic COF was shown to improve ionic

conductivity in a LiClO,4 system,'” what remains unknown, and
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what is explored here: the degree of EO functionalization
necessary to achieve improved MOF-composite solid
electrolytes and the potential for a cubic host to provide

omnidirectional ion transport.
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Figure 1. Structure of the a) salt LiTFSI b) linkers for PCN-56 (left), UiO-68-EO (middle),
and Ui0-68-2EO (right), and c) UiO-68.

Herein, we report two novel zirconium MOFs, UiO-68-EO and
UiO-68-2E0, which are isostructural to PCN-56/UiO-68 and bear
differing degrees of EO functionalization. These MOFs show
enhanced ionic conductivity upon loading LiTFSI in their pores
compared to the resistive PCN-56/LiTFSI composite.
Incorporation of EO chains offers an improved pathway for
transport of lithium ions, possibly by forming polyelectrolyte (Li-
EQO) interfaces within the MOF channels that assist ion
dissociation of LiTFSI. The comparison of the conductivity for
the two composites provides insight as to the optimum extent
of EO functionality in such systems required to achieve good
ionic conductivity.

Two novel linkers (Fig. 1b) were synthesized via Suzuki coupling
of 1,4-dibromobenzene decorated with different length EO
chains and 4-(methoxycarbonyl)phenyl)boronic acid (see ESI for
detailed synthesis, and Fig. S2-S5 for NMR). These linkers were
employed for the synthesis of two novel zirconium MOFs, UiO-
68-EO and UiO-68-2EO, via solvothermal reaction with
zirconium chloride, benzoic acid (modulator), and the linkers in
DMF at 70 °C for 3-5 days. The MOFs are isostructural to PCN-
56 and have ZrgO4(OH)4(0,CR)1, nodes as well as a distribution
of tetrahedral and octahedral pores. Powder X-ray diffraction
(PXRD) patterns of UiO-68-EO and UiO-68-2EO match the PCN-
56 pattern, and the BET surface areas determined by N,
adsorption isotherms are 2535, and 1632 m?2g%, respectively
(see ESI, Fig. S6 and S7). The increasing EO chain length from
UiO-68-EO to UiO-68-2EO predictably leads to decreasing
surface area and fractional void volume within the MOFs.

As prior work has shown that maximum conductivity in salt-
loaded MOFs is achievable at just below the maximum possible
salt loading,1° the theoretical maximum amount of LiTFSI that
can be loaded in these MOFs was calculated using their
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fractional void space accessible for loading and the density of
pure LiTFSI (see ESI). The fractional void volume of UiO-68-EO
and UiO-68-2EO was calculated theoretically; the change in
volume associated with the linker changes (terphenyl
dicarboxylate > EO functionalized linkers, Fig. 1b) was
calculated using the Spartan 18 software suite and subtracted
from the fractional void volume of UiO-68, obtained via single
crystal structure (refcode: UVUFEX ) using Mercury, to arrive at
the fractional void volume of UiO-68-EO (1.48 cc/g) and UiO-68-
2EO (0.964 cc/g). The calculated void volumes are lower than
the experimental pore volumes (UiO-68-E0-1.03 cc/g and UiO-
68-2E0-0.841 cc/g) extracted from N, sorption isotherms at 77
K. Utilizing the calculated fractional void volume for each MOF,
the maximum loadable amount of LiTFSI in UiO-68-EO and UiO-
68-2EO was calculated to be 57.9% and 52.8% LiTFSI by mass.
The vast majority of MOF-salt systems investigated for solid-
state ion conduction report ionic conductivities that are assisted
by solvent inclusion (see ESI). Solvent inclusion limits the
battery operation to low temperatures; an inherent limitation
of conventional liquid electrolytes.*® These solvents also tend to
trigger undesirable interfacial side reactions with electrodes;
therefore, we probe the enhancement in ionic conductivity
without any contribution from organic solvents.?® To that end,
LiTFSI was directly loaded into MOF pores post-synthetically via
melting,?° thus avoiding the incorporation of solvent. To ensure
homogenous distribution the salt and activated MOF were
ground together before heating the mixture at 235 °C, the
melting point of LiTFSI. The salt in its molten state is absorbed
into the MOF pores by capillary action.

The maximum experimental loading of LiTFSI in UiO-68-EO and
UiO-68-2E0O  was determined by differential scanning
calorimetry (DSC). The DSC trace of anhydrous LiTFSI (Fig. 2a)
displays an endotherm at 163 °C corresponding to an
irreversible solid-solid phase transition and a melt transition at
235 °C.?! Fig. 2b shows cyclic DSC for a physical mixture of 57.9%
LiTFSI and 42.1% UiO-68-EO (calculated maximum loading of
LiTFSI in UiO-68-EO) that is heated through three cycles from 30
°C to 250 °C at 10 °C min* with 5 min, 60 min, and 60 min hold
at 250 °C, respectively. The endothermic phase transition and
the melt endotherm observed at 155 °C and 209 °C during the
first cycle disappear after the third cycle, which suggests that
LiTFSI completely loads in the pores of MOF within ~2 hours.
The absence of thermal events in the DSC trace after complete
loading of salt in MOF is in accordance with the salt being
unable to preserve its crystalline structure once inside the MOF
pores (vide infra).1920.22 However, a persistent melt endotherm
and freeze exotherm is noted after heating the physical mixture
of 60% LiTFSI and 40% UiO-68-EO (salt mass fraction slightly
higher than the calculated maximum loading) for 24 hours
indicating that there remains some LiTFSI external to the MOF
pores unable to load (Fig. 2c). The maximum loading
determined experimentally should be lower than the
theoretical maximum because the salt should not be able to
pack as densely in the MOF pores as it would in a pure crystal.
However, for UiO-68-EO and UiO-68-2EOQ, the actual maximum
loadings are in good agreement with the calculated values — a
surprising result. More efficient packing of salt in these MOFs is

This journal is © The Royal Society of Chemistry 20xx
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potentially aided by the polar environment and a high lithium
ion solvation ability of EO units in the MOF.23 Alternatively, the
higher pore volume of the MOFs relative to the calculated
fractional void volume suggests the presence of defects,
missing-nodes and/or missing-linkers, within these MOFs (a
common occurrence in UiO MOFs)?42> explaining the slightly
higher salt loading than the calculated value. Similar DSC
experiments for physical mixtures of LiTFSI and UiO-68-2EO are
presented in ESI (Fig. S8) validating the agreement between the
calculated and experimental LiTFSI loading in UiO-68-2EO.
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Figure 2. DSC traces of a) pure LiTFSI b) 57.9% LiTFSI in UiO-68-EO by mass, c) 60% LiTFSI
in UiO-68-EO by mass, and d) 55.5% LiTFSI in UiO-68-EO by mass.

An established approach to improve ionic conductivity is to
increase the charge carrier density by increasing the
concentration of salt. It has been shown through experiment
and molecular dynamics simulations that the ionic conductivity
increases with increasing salt concentration and then starts to
decrease after reaching a maximum due to an exponential
increase in friction between the host and ions.101426.27 The
composites employed here to study the electrical properties of
LiTFSI loaded in MOF are 55.5% LiTFSI, 44.5% UiO-68-EO and
50% LiTFSI, 50% UiO-68-2EO by mass (referred to as UiO-68-
EO/LITFSI and UiO-68-2EQ/LITFSI respectively from hereon).
These mass fractions correspond to the amount of salt that is
slightly less than what is required to completely fill the pores of
each MOF. DSC experiments carried out on both composites
confirm the absence of LiTFSI exterior to the MOFs (Fig. 2d and
S7). PXRD patterns of these composites display diffraction peaks
for MOFs but not for LiTFSI which indicates both complete LiTFSI
loading into the MOFs and the absence of crystalline LiTFSI
within the pores as well as the stability of these MOFs post salt
loading (Fig. S9 and Fig. S10).

Electrochemical impedance spectroscopy (EIS) was performed
for the composites as well as pure LiTFSI at temperatures
varying from 40 °C to 90 °C (see ESI for more details). The
Nyquist plots for the two composites recorded as a function of
temperature, shown in Fig. 3a and 3b, exhibit a semicircle in the
high frequency region followed by a capacitive tail in low
frequency region. The calculated conductivities increase with
temperature (Fig. 3¢, Table S1 and S2). Pure LiTFSI was found to
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be resistive, and the impedance values obtained at different
temperatures matched the capacitance of our test cell.
UiO-68-EOQ/LITFSI and UiO-68-2EQ/LITFSI exhibit an ionic
conductivity of 3.8 x 107 S/cm and 3.9 x 10* S/cm at 90 °C,
respectively. Both composites show enhanced conductivity
when compared to pure LiTFSI as well as PCN-56/LiTFSI. The
incorporation of EO chains provides a pathway for lithium ion
conduction through these MOFs as the lithium ions migrate
between the coordinated sites. UiO-68-2EQ/LiTFSI, having
greater EO functionalization, shows higher conductivity than
UiO-68-EQ/LITFSI. The main difference between UiO-68-EO and
UiO-68-2EQ is the length of the EO chains lining the MOF pores
and this is likely the cause of the difference in ionic conductivity.
The higher EO/pore functionalization ratio in UiO-68-2EO
provides improved solvation of LiTFSI and affords an improved
pathway for lithium ion migration via favorable electrostatic
lithium ion—oxygen interactions. However, a recent study
touched on the relationship between the stoichiometric ratio of
oxygen/carbon (p = [0]/[C]) and ionic conductivity within a
polymer-LiTFSI composite system and established an inverse
correlation between ionic conductivity and p.28
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Figure 3. Nyquist plots for a) UiO-68-EOQ/LIiTFSI at temperatures from 22 °C to 90 °C, and
b) UiO-68-2EQ/LITFSI at temperatures from 40 °C to 90 °C. c) Plot comparing the
conductivity of UiO-68-EQ/LITFSI and UiO-68-2EQ/LITFSI at different temperatures.
*Note the different scales for conductivity shown in red and blue. (d) Arrhenius plots for
the conductivity of UiO-68-EO/LiTFSI and UiO-68-2EO/LITFSI.
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The data presented in the study suggests that there is a

maximum achievable improvement via EO-assisted ion
solvation, and functionalization beyond this threshold (defined
here as “critical p”) impedes ion mobility. Increasing the chain
length (EO functionalization) from UiO-68-EO to UiO-68-2EO
decreases the value of p (UiO-68-EO p = 0.67, UiO-68-2EO p =
0.60) leading to a greater enhancement in ionic conductivity for
UiO-68-2EQ/LITFSI and demonstrates that this degree of
functionalization remains above critical p. Additionally, the
conductivity of UiO-68-2EO/LIiTFSI is found to be comparable to
the conductivity of PEO/LITFSI composites which vary from 1073
S/cm to 10 S/cm depending on the plasticizer used and the
temperature of measurement.?? lonic conductivity similar to
PEO/LITFSI and other MOF/Li salt systems (Table S3) is achieved

in UiO-68-2EQ/LITFSI without a plasticizer or any additive

J. Name., 2013, 00, 1-3 | 3



ChemEomm

contributing to conductivity, a demonstrable improvement
upon contemporary composite technologies.

Among other factors contributing to the efficacy of solid
electrolyte battery systems, the activation energy for ion
migration is an important consideration with implications for
total accessible energy within a system. Fig. 3d presents
Arrhenius plots for the conductivity of UiO-68-EO/LITFSI and
UiO-68-2EQ/LIiTFSI. The calculated activation energy of
conductivity from the Arrhenius plot for UiO-68-EQ/LITFSI is
0.76 eV, compared to 1.3 eV for UiO-68-2EQ/LITFSI. For UiO-68-
EO/LITFSI to have a significantly lower activation energy than
that of UiO-68-2EO/LiTFSI, despite having a conductivity that is
3 orders of magnitude lower, indicates weaker interactions of
UiO-68-EO with salt. This is consistent with the presence of
fewer oxygen atoms (lower EO functionalization) in UiO-68-EO
as the mobility of lithium ions would be affected by the
interaction between lithium ions and EO units (more
interactions would add to activation energy) in addition to the
degree of the dissociation of LiTFSI. The calculated activation
energies for these composites are higher than previously
reported MOF-based solid-state Li-ion conductors (Table S3).
This may be attributed to the inclusion of solvent within those
systems, possibly signifying a solvent dominant conduction
pathway. By increasing p, conductivity is sacrificed but
activation energy is depressed. We propose that optimizing the
degree of EO functionalization cannot be independently
considered and developing an EO-functionalized MOF system
for use as a solid electrolyte will require consideration of both
the degree of EO functionalization and p. Balancing these
apparently at-odds metrics will allow the design of composites
with desirably high conductivity and low activation energy.

Conclusions

The presence of polar oxygen functionalities within UiO-68-EO
and UiO-68-2EO due to grafted EO chains provides a tight, well-
knit three-dimensional pathway for the transport of lithium
ions. The measure of conductivity for these composites is
influenced by the number of EO units present in the system.
More EO units provide well-connected solvation sites for
conduction of lithium ions via chain-hopping which leads to a
higher conductivity. However, the increase in ionic conductivity
comes with a trade-off in activation energy since presence of
more EO units essentially requires greater energy for Li-O
dissociation which increases the activation energy. Towards
addressing this, at this time it is understood that there is a lower
energy barrier for intra-EO chain lithium ion transfer than the
inter-chain counterpart.?® Therefore, an optimal EO-MOF
functionalization strategy may involve increased EO chain
length coupled with a decrease in the number of chains
occupying each MOF pore. Such an arrangement may achieve
optimal p while also minimizing the energy required for the
processes of lithium ion migration.
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