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ABSTRACT: Nonaqueous fluidic transport and ion solvation
properties under nanoscale confinement are poorly understood,
especially in ion conduction for energy storage and conversion
systems. Herein, metal-organic frameworks (MOFs) and aprotic
electrolytes are studied as a robust platform for molecular-level
insights into electrolyte behaviors in confined spaces. By employing
computer simulations, along with spectroscopic and electrochemical
measurements, we demonstrate several phenomena that deviate from
the bulk, including modulated solvent molecular configurations,
aggregated solvation structures, and tunable transport mechanisms
from quasi-solid to quasi-liquid in functionalized MOFs. Techno-
logically, taking advantage of confinement effects may prove useful
for addressing stability concerns associated with volatile organic
electrolytes while simultaneously endowing ultrafast transport of
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solvates, resulting in improved battery performance, even at

extreme temperatures. The molecular-level insights presented here further our understanding of structure—property relationships of
complex fluids at the nanoscale, information that can be exploited for the predictive design of more efficient electrochemical systems.
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merging nanotechnologies are increasingly drawing
wspiration from living systems,' including recent efforts
exploiting ultrafast flow through carbon nanochannels,
correlated ion transport, sharply decreased dielectric permit-
tivity of confined water, and selective ion separation.>-® The
primary focus on aqueous systems has led to technological
advances encompassing artificial ion channels and osmotic
energy harvesting as well as two-dimensional membranes.
Equally interesting, yet much less explored, are the transport
properties of nonaqueous liquids, such as organic electrolyte
solvents with dissolved ionic species.

We are fundamentally interested in understanding the
molecular mechanisms that underlie the operation of electro-
chemical cells, primarily lithium ion batteries (LIBs). Recent
efforts have focused on electrolyte design as a means of
engineering batteries that are finely tuned for specific
applications, such as low-temperature operations.’~!?
Some
of the most promising technologies comprise lithium metal
anodes and liquid electrolytes; however, widespread adoption
has been limited by the irregular transport of ions, uneven Li
deposition, and low Coulombic efficiency (CE). Moreover,
uncontrolled growth of sharp Li dendrites presents safety
concerns since these dendrites can puncture the separator
during long-term charge and discharge. The fact that
© 2023 American Chemical Society 7062
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commercial liquid electrolytes are volatile and flammable
presents further challenges.'>'

Apart from the safety concerns, commercial LIBs show
significant performance degradation at low temperatures,
primarily due to the relatively high melting point of their
liquid electrolytes,'> which leads to high impedance (and even
freezing) at low temperatures and, thus, significantly retarded
ion transport. Cognizant of this reality, engineered electrolytes
with low melting point solvents have been proposed and
demonstrated as an excellent strategy to improve low-
temperature performances.'®-!” For example, a carboxylic
ester was used to replace the carbonate ester. Their low
melting point and low solubility of polysulfides allow the Li-S
half cells to be stable cycling at -40 °C while a mediocre Li
metal CE at subzero temperatures.’’ Although the ethers with
a high lowest unoccupied molecular orbital energy (LUMO)
generally have a higher Li metal compatibility than common
esters, the multidentate ethers encountered dendritic Li metal
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Figure 1. MOF-based mixed matrix membranes (MMMs). (a) Top and (b) cross-sectional SEM views and (c) digital photograph of representative
MMMs. (d) Wettability testing of selected MMMs toward 1 M LiFSI DEE electrolyte. (¢) Contact angle testing of 4 M LiFSI DEE on MMM:s. (f)
Atomistic representation of DEE and functionalized linker in MOFs. The partial atomic charges of the main interaction sites are labeled.

growth at low-temperature conditions.”! The monodentate
ether electrolytes comprising diethyl ether (DEE), which has a
low melting point of =116 °C and high Li metal compatibility,
enable reversible LIBs with good performance even at —60
°C.?2 One of our contributions to this field has been to
determine that the underlying reason for this improved
electrochemical performance of DEE is the undercoordinated
ion-pairing solvation structure and weak Li*-solvent binding,
which allow facile low-temperature kinetics. However, low-
melting-point solvents such as DEE generally also have low
boiling points and are volatile and flammable, which presents
additional safety concerns, especially at and above ambient
temperatures (Video S1).

Capillary condensation of volatile gases in nanopores, where
they liquify at pressures below their vapor pressure, is an
alternative electrolyte engineering approach that has shown
great potential.”*->> Here, the trapped, liquified gas can deliver
exceptionally high capacity at low pressures and temperatures,
a considerable achievement because the state-of-the-art
commercial Celgard membranes fail under these conditions.?
However, although porous materials can trap the electrolyte
and thereby alleviate the issue of evaporation of volatile
solvents, this confinement results in strong friction between the

nanopore walls and the electrolyte molecules, leading to high
diffusion resistance, high overpotential, and inhomogeneous Li
plating.?*-*° Thus, simultaneously achieving fast transport
kinetics, high energy densities, and a wide-temperature
operating window is currently not achievable. In this
contribution, we overcome all these challenges while
simultaneously advancing our understanding of the role of
nanopore chemistry and morphology in facilitating ion
transport.

To characterize the physicochemical and electrochemical
properties of confined electrolytes at a molecular level, MOFs
were selected as a model material, because of their high
crystallinity, porous structure, design flexibility, and framework
tunability.’°3* Due to their high chemical and thermal
stability, the UiO-66 series were selected as the porous host
(Figure S1).%5 These MOFs are synthesized by the assembly of
Zr*" ions and terephthalic acid (Habdc) linkers. The resulting
MOFs show a high specific Brunauer-Emmett-Teller (BET)
surface area and small (~1.0 nm) nanocages with even smaller
windows (~0.6 nm) (Figure S2), which is desirable for
achieving strong nanoscale confinement effects. The pore
morphology can be further engineered by modifying the linker
group chemistry, i.e., replacing Hobdc with different function-
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Figure 2. Microscopic signatures of MOF/DEE Interactions. (a) Schematic showing the MOF cage and the preferred DEE configurations in
different MOF pores. (b) Calculated transfer free energy per DEE from the bulk into UiO-66-NH: pores. (c) DEE self-diffusion coefficient in UiO-
66-NH: at 298 K. The uncertainty in our calculations is indicated by error bars. (d) GCMC simulation of DEE adsorption in MOFs at 298 K. (¢)
Simulated vibrational density of states (vDoS, i.e., spectral density) difference between DEE-soaked MOFs and corresponding empty MOFs. The
vDoS of bulk DEE is given as a reference. (f) Experimental mass change of overflowed DEE-soaked MOF powders.

alized ligands (Figure S1). Lithium bis(fluorosulfonyl)imide
(LiFSI) dissolved in DEE was used as the electrolyte, because
of its high Li metal compatibility and superior low-temperature
performance.?

Leveraging the remarkable capillary condensation and
modulated microenvironment of MOFs, we hypothesized
that these materials could trap DEE, thereby addressing safety
concerns and enabling an even wider range of working
temperatures. We further hypothesized that the introduction of
chemical interactions, such as hydrogen bonding and Lewis
acid-base coordination, could allow us to “dial-in” the
trapping and transport ability of these MOFs toward confined
volatile electrolytes, while concurrently facilitating Li*
diffusion.

MOF-based mixed matrix membranes (MMMs) were
fabricated based on a reported process (see the Supporting
Information Section 1.2 and Figure S3).3%%7 Ui0-66-MMMs
(Figure S4) were characterized by scanning electron
microscopy (SEM, Figure 1a,b), showing a compacted and
thin (~10 pm) membrane structure. The resulting
membrane
was found to be quite flexible (Figure Ic) and stable in
common electrolyte systems (Figure S5). Similarly, other
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MMMs, based on UiO-66-NH; or UiO-66-NO,, were also
fabricated using an identical method, and presented robust
stability in common electrolytes even at 50 °C (Figures S6 and
S7). In addition, the N, sorption testing was conducted to
assess the porosity of both commercial membranes and our
MMMs (Figure S8). The total pore volume of UiO-66-NH,-
MMM was found to be lower compared to Celgrad 2500
(0.616 vs 0.858 cm?® g™!). This characteristic is particularly
advantageous, as it helps reduce the amount of electrolyte
required to wet separators.

The feasibility of MMMs working as battery separators was
evaluated by wettability testing in 1 M LiFSI DEE electrolyte
(Video S2). We found that the UiO-66-NH>-MMMs were fully
wet immediately upon dropping on the electrolyte, while a
longer wet time was needed for the UiO-66-MMMs and UiO-
66-NO,-MMMs (Figure 1d), which suggests different electro-
lyte transport kinetics. Contact angle measurements (Figure
le) showed low contact angles for the electrolyte solution on
the MMM, in contrast to the relatively high contact angle

(~61°) measured on Celgard membranes. The contact angle
varied for UiO-66-NH; (~25°) and UiO-66-NO; (~40°)
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Figure 3. Confined solvated Li* structure and transport. (a) Schematic of the accelerated MD simulations to obtain the Li* 2D free energy surface
(FES). (b) 2D FES of Li" in UiO-66-NH: and (c) UiO-66-NOz. The color scheme goes from white (less favorable) to black (more favorable). (d)
Snapshots of the representative solvation structures for Li* inside UiO-66-NHz, UiO-66-NO2, and bulk electrolytes. (¢) Li* Mean Square
Displacement (MSD) calculations inside UiO-66-NHz, UiO-66, and UiO-66-NO2. The result shows two regimes of Li* diffusion: Quasi-solid
hopping in UiO-66, and UiO-66-NO2 compared to quasi-liquid in UiO-66-NHo.. (f) Schematic showing the Li* ion migration pathway inside UiO-
66-NH: and UiO-66-NO:x. (g) lonic conductivity of 1 M LiFSI DEE electrolytes confined in selected MMMs or Celgard membranes.

MMMs (Figure 1f), which is likely reflective of the DEE
solvent interactions with the polar groups in these MOFs.
Microscopic insights into the MOF/DEE interactions were
obtained by calculating the DEE/MOF-linker potential energy
surface by means of quantum mechanical (QM) electronic
structure calculations of representative model systems
(Supporting Information Section 2.2). We found significant
modulation of the binding energy of DEE to the various linker
groups depending on the binding geometry (Table S2, Figure
2a). To facilitate more extensive simulations at finite
temperature, we developed a classical force field based on
these QM results (Table S3). We then determined the free
energy of transferring a DEE molecule from the bulk liquid
into UiO-66-NHa, as a function of applied pressure (Figure
2b), using equilibrium molecular dynamics (MD) simulations
(see the Supporting Information Section 2.4). These revealed a
large initial slope in the free energy (i.e., a favorable chemical
potential) of transfer and thus an appreciable thermodynamic
driving force for DEE infiltration into the UiO-66-NH,. The
chemical potential eventually converged to 0 to ~0.002 atm,
which represents the saturation limit. At this point, we found
that each DEE molecule is on average AG = (Guor = Gpui) =
AH - TAS = -14.7 kJ/mol more stable inside UiO-66-NH;
than in the bulk liquid, which is driven by increased enthalpy
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AH = -36.3 kJ/mol and opposed by reduced entropy TAS =
-21.5 kJ/mol (Table S4). Moreover, free energy results
indicate that at this saturation limit, each DEE molecule inside
the UiO-66-NH, is =50.6 kJ/mol more stable than that in the
gas phase, corresponding to a ~50-fold decrease in the vapor
pressure compared to the bulk liquid (see the Supporting
Information Section 2.4).

The enhanced thermodynamic stability of DEE inside the
MOF manifests concomitant transport properties. Figure 2¢
shows a plot of the calculated DEE self-diffusion constant,
which, in the case of UiO-66-NH,, shows a change in slope
between 0.0001 and 0.001 atm, indicative of a phase transition.
We classify the DEE “phase” before this transition as that of
largely immobilized molecules that infrequently hop from one
site to another, which we term a “quasi-solid” phase. After the
phase transition, the DEE more closely resembles a “quasi-
liquid” phase, with self-diffusion that much more closely
resembles that of a confined fluid. Of note, the predicted phase
transition pressure is significantly lower than the gas - liquid
transition pressure (~0.7 atm) for bulk DEE, ie., is a
signature of capillary condensation.

We also considered the thermodynamics of DEE infiltration
into the parent UiO-66 and UiO-66-NO-, in Figures S9 and
S10. We found that the ability of UiO-66 to confine DEE

https://doi.org/10.1021/acs.nanolett.3c01825
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Figure 4. Li metal plating/stripping behaviors. (a-c) The critical current density testing of Li//Cu cells using different MMM s as the separator.
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66-NO2-MMMs as the separators.

molecules is much weaker than that of both UiO-66-NH, and
UiO-66-NO,. These results are consistent with isothermal
adsorption curves obtained from Grand Canonical Monte
Carlo (GCMC) calculations (see the Supporting Information
Section 2.3) where, in terms of the adsorption capability, we
find UiO-66-NH; > UiO-66-NO; > Ui0-66 (Figure 2d).

Experimental signatures of the DEE/MOF microstructure
interactions were obtained by Fourier-transform infrared
spectroscopy (FTIR) spectroscopy, which showed the
characteristic peak of DEE in the soaked MOFs (Figure
S11). We found a slight red shift of ~29 cm™! in a peak at
1106 cm™!, indicative of chemical interactions, possibly due to
hydrogen bonding and Lewis acid-base coordination. To
fingerprint the microscopic interactions responsible for this
peak, we performed additional computer simulations and
calculated the vibrational density of states (vDoS or spectral
density) function, which showed enhancements in a peak near
1005 cm™! (Figure 2e) due to C-O stretching (Figure S12).
We note that the difference in the peak energies between the
simulations and experiments results primarily from the
unoptimized valence interactions in our force field. While
this can be resolved by careful reparameterization, it is not
expected to materially change the results presented here. To
further validate our simulations, and particularly the predicted
DEE uptake capabilities and reduced vapor pressure of the
MOFs, we performed soaking experiments using activated
MOF samples (300 mg) and an excess of 800 mg of DEE. The
mass change of DEE was measured under ambient pressure in
an argon-filled glovebox. Although the bulk DEE evaporates
within a few minutes, we found that confined DEE in the
MOFs remains stable for nearly 2 h with no appreciable
reduction in mass (Figure 2f).

Both our simulations and experiments confirm the initial
hypothesis that MOFs can adsorb and trap volatile electrolytes,
thereby potentially addressing the safety concerns of these
flammable solvents. We then considered the transport
properties of dissolved ions and hypothesized that the ion-

MOF interactions could be tailored to achieve fast ion
diffusion and improved electrochemical performance.

We obtained detailed structural information about the local
Li" ion solvation environment in a 1 M LiFSI DEE electrolyte
and infiltrated in the functionalized MOFs from additional
equilibrium MD simulations. We found that the Li* ions in
UiO0-66-NH, had a comparable Li"|O(DEE) coordination
number (average coordination number 1.75) when compared
to bulk electrolyte that is greater than that of UiO-66 or UiO-
66-NO, (average coordination numbers 1.5 and 0.83,
respectively) (Figure S13a). Inside the MOFs, mostly due to
steric effects, the ion-pairing (i.e., the Li" ion coordination with
the O on FSI") is significantly reduced, with calculated
coordination numbers of 0.84 in Ui0O-66-NH,, 0.52 in UiO-66
and 0.18 in UiO-66-NO,, compared to 2.96 in the bulk (Figure
S13b). More details of the radial distribution functions and
coordination numbers were shown in Figure S13c,d and Figure
S14. To quantify the Li* free energy surface, we performed
advanced sampling MD simulations using the 2D-Metady-
namics approach, where we monitored the Li"|O(DEE)
coordination number and the Li*|N(MOF-linker) distance
(Figure 3a). These simulations revealed a free energy
minimum for fully solvated Li* ions in the center of the
channel in the case of UiO-66-NH,, whereas the Li" ions are
preferentially absorbed near the -NO> group in UiO-66-NO>
(Figure 3b,c). Representative snapshots of the solvation
structures for confined electrolytes and bulk electrolytes are
shown in Figure 3d and Figure S15.

Further support for our free energy surfaces was obtained by
calculating the Li* self-diffusion constant via Einstein’s eq
(Figure 3e and Figure S16). These calculations reveal a quasi-
solid (in the case of UiO-66 and UiO-66-NO») versus a quasi-
liquid (UiO-66-NH,) diffusion mechanism. A schematic of Li*
ion migration through the MOFs is shown in Figure 3f. Here,
the solvent coordinated Li" ions in UiO-66-NH, are
electrostatically shielded from the MOF linker; thus, their
transport is dictated primarily by the diffusion of the DEE
solvent. In contrast, the undercoordinated Li* in UiO-66 and
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Figure 5. Full cell performance. (a) Schematic showing the assembly and parameter of the pouch cells. (b) Cycling performance of Li//SPAN
pouch cells with bulk and UiO-66-NH2-MMMs confined electrolytes.

UiO-66-NO, more strongly interacts with the MOF linker
group, and their transport is dictated by a hopping mechanism
where each Li" must overcome a significant barrier to go from
site to site, as in a solid-state ion conductor. The significant
reduction in the Li" diffusion constant in UiO-66-NO,, due to
the strong linker-undercoordinated Li* group interactions and
concomitantly the reduced solvent coordination environment,
is predicted to thus lead to significantly reduced conductivity
in this system.

To test these computational predictions, we performed
experimental ionic conductivity measurement of MMMs
soaked in 1 M LiFSI DEE electrolyte. These measurements
confirmed that UiO-66-NH,-MMMs deliver superior con-
ductivity compared with the two other MOF-MMMs (Figure
3g). The highly ordered pore structures in UiO-66-NH, and
preferred orientation of trapped solvents play critical roles in
inducing a well-aligned diffusion of the solvates. The driving
force of directed solvated Li* ion diffusion and quasi-liquid
diffusion mechanisms synergistically allows a higher ion
conductivity than those in the bulk liquids with a random
ion diffusion (Figures 2a and 3f). Indeed, we found that UiO-
66-NH>-MMMs had a higher conductivity than that of the
bulk electrolytes with a commercial Celgrad membrane
separator. Thus, the quasi-liquid diffusion mechanisms
proposed here are distinct from conventional porous confined
electrolytes that rely on the ion hopping mechanisms that
result in a sluggish ion transport compared with the bulk
liquids.

To understand the effects of chemical moieties in MOFs on
LMB cyclability, the critical current density was evaluated
(Figure 4a-c). Using UiO-66-NH,-MMMs as the separator of
Li//Cu cells allowed for operation at currents as high as 0.5
mA cm~2. By contrast, cells with UiO-66-NO; and UiQ-66
groups suffered from soft-shorting issues when the current
densities reached 0.1 and 0.2 mA cm2, respectively. This
can be attributed to UiO-66-NH, with sufficient Li* ion
flux, as discussed previously. The effect of MOF
composition toward the morphology of the deposited
lithium was subsequently investigated. After applying 0.5
mA cm™2 current for 2 h, the cells were disassembled, and
the electrodeposited lithium on the copper foils was
characterized. Both macroscopic (Figure 4d-f) and
microscopic (Figure 4g-i) images of UiO-66- MMMs and
Ui0-66-NO,-MMMs systems showed sparse Li deposits. It
is thus concluded that UiO-66 and UiO-66-NO, promote
dendritic Li growth, while UiO-66-NH, produces more
uniform morphologies and thus is potentially viable for the
long-term lithium metal anode cycling.

To investigate the influence of the temperature on the
kinetics and stability of the MMM-trapped electrolyte systems,
we performed long-term lithium cycling tests in a wide-
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temperature range. As shown in Figure S17, the cells with
MMMs and 1 M LiFSI DEE maintained stable Li plating and
stripping at 50, 23, =40, and -60 °C. The impedance of the
cell significantly increased with decreasing temperature,
resulting in slightly higher overpotential and reduced CEs.
We further studied the MMM s in pouch cells with Li metal as
the anode and sulfurized polyacrylonitrile (SPAN) as the
cathode (Figure 5). Cells using MMM -based membrane were
found to stably cycle at room temperature, maintaining more
than 70% capacity retention after 40 cycles, whereas cells using
Celgard membrane failed after 12 cycles due to the rapid
evaporation of the DEE solvent from the bulk electrolyte. To
further examine the merits of our MMMSs trapped volatile
electrolytes, the Li/SPAN cells with several common
electrolytes were also assembled (Figure S18). The coin cells
with carbonate-based electrolytes, e.g., 1 M LiPF¢ ethylene
carbonate (EC)/diethyl carbonate (DEC), showed poor long-
term cycling due to their low Li metal compatibility. Although
decent Li metal CEs can be expected for the ether-based
electrolytes, e.g., 1 M LiTFSI 0.2 M LiNOs in 1,3-dioxolane
(DOL)/dimethoxyethane (DME) (1/1 in volume), they
displayed poor SPAN cycling stability due to their high
solubility toward polysulfides. This was particularly apparent at
reduced temperatures, where cells with conventional ether and
carbonate electrolytes showed nearly no capacity. In contrast,
the high Li metal compatibility and the superior transport
properties at a wide-temperature range of the MMM-trapped
DEE (Figure 3 and Figure S17) allowed these cells to stably
cycle at both 23 and -40 °C.

In summary, the nonaqueous fluidic transport and ion
solvation properties of aprotic electrolytes under confinement
were evaluated using MOFs with different functional groups as
the porous host. Both experiments and computational
simulations showed a strong trapping ability of MOF's toward
volatile electrolyte solvents, which addresses the stability
concerns caused by volatile and flammable electrolytes. In
addition, we found unique solvation structures and a quasi-
liquid transport mechanism in UiO-66-NH,, which led to
significantly improved battery performance. This establishes
new design principles for optimizing future electrochemical
devices with tunable solvent and ion coordination properties
over a wide temperature range. This work also provides
molecular level understanding of the liquid electrolyte
behaviors in nanoconfined environments and related charge
transport behavior on functional electrochemical devices.
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