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Controlling the Mobility of lonic Liquids in the Nanopores of
MOFs by Adjusting the Pore Size: From Conduction Collapse
by Mutual Pore Blocking to Unhindered lon Transport

Zejun Zhang, Modan Liu, Chun Li, Wolfgang Wenzel, and Lars Heinke*

lonic liquids (ILs) in nanoporous confinement are the core of many superca-
pacitors and batteries, where the mobility of the nanoconfined ILs is crucial.
Here, by combining experiments based on impedance spectroscopy with
molecular dynamics simulations, the mobility of a prototype IL in the nano-
pores of an isoreticular metal-organic framework (MOF)-series with different
pore sizes is explored, where an external electric field is applied. It has been
found that the conduction behavior changes tremendously depend on the
pore size. For small-pore apertures, the IL cations and anions cannot pass the
pore window simultaneously, causing the ions to mutually block the pores.
This results in a strong concentration dependence of the ionic conduction,
where the conduction drops by two orders of magnitude when filling the
pores. For large-pore MOFs, the mutual hindrance of the ions in the pores is
small, causing only a small concentration dependence. The cutoff between the
large-pore and small-pore behavior is approximately the size of a cation-anion-
dimer and increasing the pore diameter by only 0.2 nm changes the conduc-
tion behavior fundamentally. This study shows that the pore aperture size has
a substantial effect on the mobility of ions in nanoporous confinement and
has to be carefully optimized for realizing highly-mobile nanoconfined ILs.

adjustable physical and chemical proper-
ties, ILs-based electrolytes are promising
candidates for replacing conventional elec-
trolytes.”! In most applications, such as
in batteries and supercapacitors, ILs are
embedded in nanoporous materials.’l It
was found that the physicochemical prop-
erties, including the melting point, glass
transition temperature, and local struc-
ture, are strongly affected by the confine-
ment in the nanopores.! A strong effect
of the pore size of (amorphous) nanopo-
rous carbon on the capacitance was also
found.’l In addition to the astonishing
insights into the static properties, theo-
retical calculations predicted staggering
dynamic properties of ILs in the nanocon-
finement of the slit pores.[! The dynamic
aspects, which are crucial for the appli-
cations such as the charging and dis-
charging processes of supercapacitors and
Dbatteries, have hardly been experimentally

1. Introduction

Ionic liquids (ILs) are organic salts with melting points below
room temperature.ll. Owing to their exclusive properties,
such as negligible vapor pressure, nonflammability, excellent
thermal stability, high ionic conductivity, and to some extent
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explored to date.

Metal-organic frameworks (MOFs) are
a novel class of nanoporous, crystalline materials with regular,
well-defined micropores.”l The MOF structures are tunable and
their chemical functionality can be controlled by the choice of
the MOF components, which are the linker molecules and the
metal nodes. Due to their unique properties, MOFs have a great
potential as host materials for ILs in composite electrolytes.3
It is shown that the IL-filled MOFs can improve the electro-
chemical properties, including an enhancement of the interface
wettability and an increase of the ionic conductivity in lithium
batteries.®l Conducting MOFs filled with IL also show superior
performance as supercapacitors.’) In these applications, the
ionic conductivity of the IL electrolyte in the MOF pores is a
key feature. The conductivity of the material is usually explored
by using electrochemical impedance spectroscopy (EIS), where
the sample is either in the form of pellets between 2 planar
electrodes or as a thin film on solid substrates with deposited
electrodes.®1% In previous studies, we used dense MOF thin
films on a solid substrate with deposited electrodes, where
excess IL can be washed off and only the conduction of the
ions in the MOF pores is measured.'%!! In the prototype MOF-
structure HKUST-1, a mutual pore blockage was found at high
IL loadings, suppressing the ionic mobility and tremendously
decreasing the conductivity.'® In the presence of lithium ions,
the IL-pore-blockage and conduction collapse is attenuated by

© 2022 The Authors. Small published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202200602&domain=pdf&date_stamp=2022-08-24

ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

a)
b)
c) S —
(11)
i l (222) UiO-68-NH, |
] a11)
=3 (222) UiO-67
© | A .
= (111)
"Z,' 1 (222) Ui0-66.5
[0]
b (111)
£ A 222)  Uio-66
(111)
(222) Ui0-66-NH,

4 6 8 10 12 14 16 18 20
2 theta/°

Figure 1. a) Schematic illustration of IL of type [BMIM][TFSI]. b) Struc-
tures of the Zr-based MOFs: UiO-66, UiO-66-NH,, UiO-66.5 (also referred
to as DUT-52), UiO-67 and UiO-68-NH, (from top-left to bottom-right).
The color code for the atoms is C in gray, N in blue, O in red, F in cyan/
light-blue (only in the IL), S in yellow, and Zr in cyan (only in MOF). H is
not shown. The orange circles represent the pore openings, with diam-
eters of 0.53, 0.55, 0.64, 0.83, and 1.07 nm, respectively, see Figure S13,
Supporting Information. c) Out-of-plane XRD data of the MOF films.
The comparison of each MOF with the targeted structure is shown in
Figure S2, Supporting Information.

the formation of charge-neutral Li-anion complexes.”l So far,
the impact of the pore size on the IL conduction in nanoporous
material has not yet been explored.

Here, in order to explore the influence of the pore size on the
mobility of ILs in the nanopores of MOFs, we measure the con-
ductivity and mobility of ILs in a series of Zr-based MOF films
with the same topology but different pore sizes. The MOF struc-
tures are Ui0-66,14 Ui0-66-NH,,3 Ui0-66.5 (here termed for
consistent labeling, also referred to as DUT-52 or Zr-NDC),*¥
Ui0-671 and UiO-68-NH,[*! (UiO stands for Universitetet
I Oslo). The MOF films have rather rigid, face-centered cubic
crystal structures with isotropic 3D pore systems!”) connected
by pore windows of aperture sizes of 0.53, 0.55, 0.64, 0.83, and
1.07 nm, respectively, see Figure 1 and Figure S13, Supporting

Small 2022, 2200602 2200602 (2 of 8)

www.small-journal.com

Information. Different amounts of IL of type 1-butyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide, referred to as
[BMIM][TFSI], are embedded in the MOF pores. (Please note,
TFSA and NTF, are also popular terms for the anion.) The
experimental data based on EIS as well as the theoretical data
based on molecular dynamics simulations show that the pore
size has a severe impact on the ion mobility. In pores larger than
a critical diameter, which approximately equals the diameter of
the IL ion pair, the drift of the cations and anions in opposite
directions is barely hindered and the IL conductivity is only
slightly affected by the IL filling in the MOF pores. For MOF
pores smaller than the critical diameter, the situation changes
drastically. The movement of the cations and anions in oppo-
site directions along the electric field is severely hindered by the
pore apertures. While mutual friction is small at low IL loadings
in the pores, the ILs mutually hinder the passage of the pore
aperture at high IL loadings. This results in a pore blocking by
the IL and a bunching of the ions, causing a collapse of the ionic
conduction. The study shows for the first time that the pore
aperture size must be larger than a critical diameter, here the
diameter of an IL-cation-anion-dimer, for fast ion conduction.

2. Results and Discussion

The host MOF structures have the same topology and same metal
nodes but different linker molecules, changing the size of the
pore body and pore aperture. The MOF films are prepared on the
substrates with the deposited interdigitated gold electrodes, see
Experimental Section. The MOF films are UiO-66, UiO-66-NH,,
Ui0-66.5 (also referred to as DUT-52), UiO-67, and UiO-68-NH,.
The X-ray diffractograms (XRDs, Figure 1) show that all five MOF
films have the targeted structure and are grown in the (111) orien-
tation on the substrate. The scanning electron microscopy (SEM)
images show that the MOF films have a homogenous mor-
phology, composed of many crystallites, in Figure S1, Supporting
Information. The thicknesses of the MOF films were estimated
from the images of the broken samples as: 0.37 um for UiO-
66, 0.44 um for UiO-66-NH,, 0.46 um for UiO-66.5, 0.3 um for
Ui0O-67 and 0.72 um for UiO-68-NH,. Please note, that we failed
to prepare a highly crystalline, homogenous film of UiO-68 struc-
ture, most likely caused by the very limited solubility of the linker
molecule. Instead, UiO-68-NH, MOF films with high quality
were prepared. In the simulations, both MOF films, UiO-68 and
UiO-68-NH,, are discussed and compared.

The MOF-samples were loaded with IL with different pore fill-
ings, which are 15%, 50%, 80%, 95%, and 100%, see experimental
section. The ionic conductivity of IL inside the MOF pores was
measured via EIS at room temperature. The UiO host MOFs are
not electric conducting, so the recorded current and conductance
can be solely attributed to the IL in the pores. Typical Nyquist
plots of UiO-66 and UiO-67 with different IL pore fillings are
shown in Figure 2. The Nyquist plots of the other samples are
shown in Figures S3-S5, Supporting Information. The equivalent
circuit for the ionic conduction in the MOF films, see Figure 2D,
also referred to as (R-CPEg)||CPEg, circuit,™® is used for the
analysis of the impedance data, to determine the ohmic resist-
ance of the electrolyte Rejectrolyie- From the ohmic electrolyte resist-
ance, the conductivity of the IL@MOF samples wasobtained.

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Nyquist plots of the impedance of IL in UiO-66 (a) and UiO-67
(b) MOF films. The degree of IL filling is given in the legends. The inset
in (a) shows a zoom-in. The frequency range is 5 MHz (at low imped-
ance) to 0.5 Hz (a) and 10 Hz (b). The colored spheres are the recorded
data and the black lines are the fits with the equivalent circuit. The
(R-CPE4)IICPE,., equivalent circuit for the ionic conduction in MOFs
between two gold electrodes is sketched in the inset in (b).

The conductivity of the IL in the different MOF films versus
the IL pore filling is shown in Figure 3. For large pore MOFs,
only a small loading dependence of the IL conductivity can be
found. In detail, the conductivity decreases by a factor of 2 and
3, respectively, for UiO-68-NH, and UiO-67. On the other hand,
for small pore apertures, like UiO-66 and UiO-66.5, the conduc-
tivity drops by =2 orders of magnitude when increasing the IL
pore filling from 15% to 100%.

The data also show that the IL conductivity increases with
increasing MOF pore size. A plot of the conductivity versus
pore aperture size is shown in Figure 4a. While the IL con-
ductivity increases tremendously when increasing the pore
aperture from 0.53 to 0.83 nm, only a small conduction
increase is observed increasing the pore aperture from 0.83 to
1.07 nm. The data (Figures 3 and) show also no significant dif-
ference between UiO-66 and UiO-66-NH,, indicating that the
IL mobility is not affected by the amino groups in the MOF.

For comparing the loading dependence of the conduc-
tivity, the ratios of the conductivity at low loading (i.e., 15%
pore filling) and maximum loading (i.e., 100% pore filling)
are shown in Figure 4b. In the plot, 2 regimes can be seen: a
strong loading dependence at small MOF pore apertures and
a minor loading dependence at large apertures. The transition
is =0.7-0.8 nm, which is close to the size of one [BMIM][TFSI]
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Figure 3. IL conductivity in the different UiO-MOF-hosts with different
IL fillings. At each IL filling, the average of five measurements and the
standard deviation as error bar are shown. The MOF structures are
labeled in the legend.

ion pair, which has a diameter of 0.79 nm.[ Although the pore
apertures are more triangular than perfectly circular and the
cation-anion pair are not perfectly spherical, we believe the sim-
plified relation helps in providing a better understanding.
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Figure 4. a) IL conductivity at different pore fillings versus the pore aper-
ture size of the different MOFs. The vertical red lines label the diameter of
one [BMIM][TFSI] ion pair.'® b) Conductivity ratios of IL in the MOFs with
different pore aperture sizes. The conductivity ratio is the conductivity at
low loading (i.e., 15%) versus at full loading.
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Figure 5. IL conductivity was calculated from MD simulations for [BMIM]
[TFSI] in the host MOFs under various IL loadings. The MOF structures
are labeled in the legend.

For a deeper understanding of the experimental data, the
vehicular conduction of the anions and cations was investigated
by molecular dynamics (MD) simulations. For the MD simu-
lations, the same simulation protocol as in our previous work
was used.l As host MOFs, in addition to the MOFs used in
the experiments, i.e., UiO-66, UiO-66-NH,, UiO-66.5, UiO-67,
and UiO-68-NH,, the IL transport in UiO-68 was simulated. A
defect-free lattice with uniform pores and pore windows was
used in the simulations, in line with the experimental data,
where a high crystallinity and no indication for a significant
defect density were found. Consistent with the experimental
setup, where the UiO MOF films are deposited on a substrate
with the interdigitated electrodes and grew in the [111] direction
perpendicular to the surface, the electric field is aligned along
the [110] direction, which is perpendicular to [111]. For the IL
transport in [110] direction of the UiO-MOF, the ions have to
pass the pore windows in either [100] or [010] direction, thus
branching or bifurcating the ion flow in adjacent MOF pores.

The conductivity of the IL in the different host MOFs is
shown in Figure 5. The simulation results show very good
agreement with the experimental data: 1) Comparing the
values between the different hosts shows that the conductivity
increases with increasing pore size. At small loadings, the dif-
ference between the smallest and largest pores is slightly less
than one order of magnitude. 2) The dependence of the con-
ductivity on the pore filling changes with the pore size. While
there is only a slight loading dependence for large pores with a
slight maximum at medium loadings, the conductivity changes
by about two orders of magnitude for the small pore MOFs, i.e.,
Ui0-66 and UiO-66.5. 3) No significant differences between the
MOFs with and without amino groups, i.e., UiO-66 and UiO-
66-NH, as well as UiO-68 and UiO-68-NH,, were found. 4) The
concentration dependences of the IL conductivity in the indi-
vidual MOFs show very similar behavior. For example, both,
the simulation and the experimental data for UiO-67 show that
the conductivity increases when increasing the pore filling at
low loadings, where the maximum is reached at about half the
maximum pore filling. When further filling the pores until the
maximum IL filling is reached, the conductivity monotoni-
cally decreases by about three quarters (i.e., 79% in the experi-
ment and 77% in the simulation. A detailed inspection shows
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Figure 6. [BMIM] contribution in the IL conductivity calculated from
MD under various IL loadings. The MOF structures are labeled in the
legend.

a small difference in the course of the conduction decrease
between 50% and 100% loading.) We like to stress that all
these agreements with the experimental data were obtained
without adapting the parameters in the MD simulations. The
IL mobilities calculated under various IL fillings are shown in
Figure S12, Supporting Information.

To get further insights in the conduction processes, we ana-
lyze the MD data in detail. Generally, the MD data show that
the cations are significantly more mobile than the anions and
contribute the majority to the IL conductivity, Figure 6. The
mobility of [BMIM] is roughly four times larger than of [TFSI].
Particularly, for UiO-66 and UiO-67 with high IL-loading (where
the MOF pores are blocked, see below), the [BMIM] contribu-
tion is increased due to a less rigid molecular structure than
[TFSI]. While the mobility of the cations and anions in a
bulk liquid are simila, see ref. [20] or Figure SI8, Supporting
Information, in ref. [11a], the mobility of the nanoconfined
cations is significantly larger than the nanoconfined anion
mobility. This is caused by the rigid anion structure which hin-
ders fast motion in the framework, while the cation is more
flexible enabling fast motion. Due to the small pore windows,
the discrimination of the molecules in the pore center and
close to the pore wall is not possible and a correlation with their
mobility, see, e.g., ref., [21] was not performed.

For the small pore MOFs, i.e., UiO-66, UiO-66-NH, and UiO-
66.5, snapshots of the ions in the pores and the ion trajectories
are shown in Figure 7 and Figure S9a, Supporting Information.
The data show that at small IL loadings, the ions drift relatively
unhindered through the pore space. The traveled-distance-
versus-time diagrams show continuous motion as a linear trans-
port of the ions along the electric field. There, the ion mobility
at low loadings is significantly larger in UiO-66.5 than in UiO-
66, due to the larger pores. At high loadings, the IL mobility is
decreased tremendously. The trajectories show plateaus where
the ions are immobile. The mobility drop, and thus the conduc-
tion collapse, is induced by the limiting pore windows which
prevent the simultaneous passage of the cations and anions in
opposite directions, see Figure 7a,b. This results in a mutual
pore blocking. The pore blockage further leads to the accumula-
tion and bunching of IL. In the event of IL accumulation and
bunching, the van der Waals interaction contributes of roughly

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 7. Snapshots of IL in a) UiO-66 and b) UiO-66.5 at 100% IL
loading. The [BMIM] cations are depicted in red, [TFSI] anions in blue and
the MOFs are shown in grey. The electric field in [110] direction is sketched
by the yellow arrows. The MOF as well as one pair of cation and anion
at the pore aperture are marked by the corresponding van der Waals sur-
face. lon trajectories as “traffic maps” of [BMIM] in a Ins-time window
for c) UiO-66 and d) UiO-66.5. The traveled distance in [110] direction is
shown. The green color indicates fast motion, red color indicates stagna-
tion. The black line corresponds to a typical trajectory of a single tracer
ion. The loading is 50% for the upper plots and 100% for the lower plots.

73% in the overall potential among the cation and anion pairs.
The Movies Sla—c (see supporting information) from the MD
simulations vividly illustrate the distinctive IL pore blocking in
these MOFs. A detailed inspection shows for small pore UiO
MOFs, the IL conductivity in the [100] and [010] directions are
identical. The IL pore blocking gradually starts at loadings of
40%-60%. The second decline in mobility is observed at =80%
loading. A similar conduction collapse and IL bunching was
also found in MOFs with HKUST-1 structure.l® However, the
bunching in UiO-66 and UiO-66.5 MOFs occurs at a much
lower IL loadings compared to HKUST-1 and the transition of
the pore blocking is much milder, i.e., the mobility decreases
relatively homogeneously by increasing the pore filling.
Referring to the analogy of traffic jams?? for the forma-
tion of pore blocking and IL bunching helps to understand the
mobility collapse during the (ion) vehicular transport. The bot-
tlenecks in the MOF are the pore windows, which have opening
sizes similar to the size of the vehicle, i.e., the IL molecules.
For the case of rare occurrence of bottlenecks in a high-density
traffic flow, as in HKUST-1, whose pore size is large with many
embedded ILs but a limited pore window, the phase transi-
tion from a free traffic flow to a traffic jam occurs abruptly. On
the other hand, when the density of bottlenecks is larger, as
for UiO-66 and UiO-66.5 MOFs with much smaller pore body
sizes than HKUST-1, the frequent transient blockage at each
single pore aperture affects the neighboring pores and quickly
grows into a global bunching layer. There, a mild transition

Small 2022, 2200602 2200602 (5 of 8)

www.small-journal.com

occurs from free traffic flow to a traffic jam with respect to the
increasing IL loading.

The results of the MD simulations of the IL conduction in large
pore MOFs, i.e., UiO-67 and UiO-68-NH,, are shown in Figure 8.
The snapshots show the pore apertures are large enough to allow
the simultaneous passage of a cation and an anion through the
pore window. As a result, the mutual pore blocking by the ions is
much suppressed for the large-pore MOFs.

A detailed inspection for UiO-67 shows that the trajectories
also have short plateaus indicating a transient pore blockage.
However, compared to the small pore MOFs, these plateaus are
much reduced. The ion immobilizations are caused by the pore
blocking of many (usually 2 or 3) cations and anions simul-
taneously via an unstable and evanescent formation of amor-
phous ion clusters. Moreover, the IL motion shows a strong
bifurcating behavior in the [100] and [010] directions. At high
IL loadings, one of the major ion transport channels, in either
[100] or [010], is blocked by the ions whereas the pore channel
in the alternative direction is free. The ions bypass the blocked
pore windows so that a global IL bunching and a conduction
collapse is prevented. The partial pore blockage is indicated by
the paths of tracer ions, in Figure 8. The motion speed profiles
in Figure S10, Supporting Information, show an asymmetric
shape, also indicating the partial pore blockage. Among a series
of MD simulations, the single-channel-pore-blocking occurs
either in [100] or [010] direction with equal probabilities, shown
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Figure 8. Snapshots of IL in a) UiO-67 and b) UiO-68-NH, at 100% IL
loading. The [BMIM] cations are depicted in red, [TFSI] anions in blue and
the MOFs are shown in grey. The electric field in [110] direction is sketched
by the yellow arrows. The MOF as well as one pair of cation and anion at
the pore aperture are marked by the corresponding van der Waals surface.
lon trajectories as “traffic maps” of [BMIM] in a Ins-time window for
c) UiO-67 and d) UiO-68-NH,. The traveled distance in [110] direction is
shown. The green color indicates fast motion, red color indicates stagna-
tion. The black line corresponds to a typical trajectory of a single tracer
ion. The loading is 50% for the upper plots and 100% for the lower plots.
The plot for UiO-68 is shown in Figure S9b, Supporting Information.
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in Figures S7d and S8, Supporting Information. In UiO-68
MOFs with even larger pores than UiO-67, such a bifurcation
cannot be observed, in Figure S7e—f, Supporting Information.
A comprehensive comparison for the bifurcating conductivity
in all UiO MOFs is shown in Figure S7, Supporting Informa-
tion. The motion speed profiles of the IL transport are shown in
Figure S11, Supporting Information.

A detailed inspection of the high-loading-UiO-68 data reveals
short plateaus in the single ion trajectories. Such short-termed
events are observed in the MD simulations where many anions
and cations mutually block the passage through the pore
window. However, the stand-off situation among the ions is
very transient due to the large pore size, and the formation of
local traffic jams does not lead to a global immobilization.

In the MD simulations (using the OPLS-AA modell?3)),
the amino groups at the UiO MOFs marginally hinder the IL
motion. The conductivity of IL in UiO-66-NH, and in UiO-
68-NH, are somewhat smaller than in UiO-66 and UiO-68,
respectively, most likely caused by the slightly smaller pore
aperture. However, the difference is very small, consistent with
the experimental observations. The mobility of the IL in UiO-
66-NH, and UiO-68-NH, as well as its concentration depend-
ence is very similar to its non-amino counterparts of UiO-66
and UiO-68, respectively, see Figures 5,6 or S12, Supporting
Information.

It was shown in different studies that the capacitance of the
confined IL substantially increases for small, sub-nanometer-
sized pores.’ Thus we believe pores which are barely larger
than the diameter of the IL dimer (from UiO-67 onwards) show
the best trade-off between high ion mobility in large pores for
fast charging and discharging processes and a high-capacitance
in small pores.

3. Conclusion

The mobility of ionic liquids of type [BMIM][TFSI] in the nano-
pores of the isoreticular UiO-MOF-series with pore aperture
diameters from 0.53 nm to 1.08 nm is explored with a com-
bined experimental and theoretical approach. The experimental
data, based on EIS using thin films with various IL loadings,
show that the pore diameter has a significant impact on the
conduction. Molecular dynamics simulations are in agreement
with the experiments, providing further insights in the conduc-
tion mechanism. The data show that, at low loadings, the IL
conduction is barely hindered by the framework or other ions.
The low-loading conductivity increases by a factor of 5 when
increasing the pore size. For high IL loadings in the pores, the
conduction mechanism is governed by the pore size. For the
large pore MOF UiO-68, the ions are barely hindered, the ions
drift along the electric field and the conduction shows only a
very small concentration dependence, where the conductivity
drops by a factor of 2, comparing low and full loading. For
small pore MOFs of type UiO-66, the pore windows hinder the
mutual passage of anions and cations along the electric field,
in opposite directions. A strong loading dependence of the con-
ductivity is found, where the conduction drops by two orders
of magnitude. Remarkably, the cutoff between highly mobile
and immobile IL in the pores occurs at a pore aperture between

Small 2022, 2200602 2200602 (6 of 8)

www.small-journal.com

0.64 and 0.83 nm, indicating that the diameter of the IL pair
(0.79 nm) is a good measure for the cutoff.

We believe that the provided insight will contribute to the
further development of IL-based supercapacitors, based on
MOFs!® but also based on other nanoporous materials.*l By
further systematic optimization of the pore structure and of the
ILs, the IL mobility will be further improved, allowing ultra-
fast, high-capacitance IL-based-supercapacitors.

4. Experimental Section

MOF Synthesis and IL Loading: The MOF thin films were prepared on
glass substrates with interdigitated gold electrodes (IDEs) using the vapor-
assisted conversion (VAC) method.®l In detail, for the film formation
using VAC, a glass bottle (250 mL) with a polybutylene terephthalate
(PBT) cap equipped with a Teflon seal was used. Raschig-rings (10 mm
x 10 mm, soda-lime glass) were put on the bottom part of the bottle
to obtain an elevated flat platform for the substrate. A mixture of DMF
(4.2 mL) and acetic acid (0.8 mL) was filled into the bottle. A substrate
with interdigitated gold electrodes was placed on top of the Raschig-
rings and fully coated with a drop of the freshly prepared MOF precursor
solution. For the precursor solution, ZrOCl,+.8H,0 was dissolved in DMF.
The linker and acetic acid were added to this solution. The bottle was
heated to 120 °C and kept for 3 h in the oven. After cooling down, the
sample was dried under reduced pressure (1 x 1072 bar) overnight.

The IL loading of the MOFs was performed following a previously
optimized method.l The samples were immersed in IL/acetonitrile
solutions with IL-ratios of 15%, 50%, 80%, 95%, and 100%. After an
immersion for 20 min at room temperature (298 K), the samples were
briefly rinsed with acetonitrile to remove IL from the outer sample
surface, this means to remove excess ILs outside the MOF pores, as
previously explored and optimized." Then, the samples were dried in
a flow of pure nitrogen, removing acetonitrile, which is volatile at room
temperature, from the pores. Previously, it was found that the IL loading
in the MOF pores is essentially proportional to the IL concentration in
the 1L/acetonitrile solution.[%™

The X-ray diffractograms were measured in out-of-plane geometry
using a Bruker D8-Advance diffractometer equipped with a position-
sensitive detector in ©—O geometry. A Cu-anode with a wavelength
of 1 = 0.154 nm was used. The scanning electron microscope (SEM)
measurements were performed on a TESCAN VEGA3. In order to avoid
charging effects, all samples were coated with a 3—4 nm thick platinum
film before recording the SEM images.

Measurement of ionic conduction: The electrochemical impedance
spectra were measured with a Zurich Instruments MFIA Impedance
Analyzer for a frequency range of 5 MHz-0.5 Hz at room temperature.
The samples were placed in a home-made Teflon cell where the
interdigitated gold electrodes were contacted in a two-probe way. The
applied AC voltage is 300 mV, this means the electric field between two
(interdigitated) electrodes is =0.03 V um™. The cell was purged with
pure nitrogen with a flow rate of roughly 100 mL min~'. The impedance
data were recorded from three samples of each MOF structure. The IL
concentration was varied in five consecutive cycles, first 15%, then 50%,
80%, 95%, and finally 100% IL pore filling. The average values with the
standard deviation as error bars are shown.

Molecular Dynamics Simulation: The all-atom MD simulations
were carried out for the IL@MOF systems. The UFFAMOF force field
is used for the MOF?’l and the force field for IL is an established ab
initio derivation, which was compatible with OPLS-AA.M28 The force
field parametrization for the flexible MOF structure is automated by the
LAMMPS-interface,®’] and the partial charges on the MOF is assigned
by the eGULP package via the charge equilibration (QEq) method.??]
The MD simulations are performed using the LAMMPS package.l*l
The simulation timestep is set to 7= 0.25 fs and the Nose-Hoover
thermostatPl and Nose-Hoover-Andersen barostat®¥ are used to
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Table 1. The numbers of [BMIM][TFSI] IL pairs per MOF unit cell at
maximum pore filling for the different MOFs.

UiO-66-NH, UiO-66 UiO-66.5 UiO-67 UiO-68-NH, UiO-68

IL pairs per 9.97 10.8 17.5 32.2 62.1 67.8
MOF unit cell for
maximum IL filling

model NPT conditions at ambient conditions, pressure p = 1 atm and
temperature T = 300 K. The filling calculation of IL in the MOF is based
on van-der-Waals volumes of the MOF pores (i.e., the void volume in
the MOF) and of the IL volume,® consistent with the method used in
our previous work.'® The maximum numbers of IL pairs per MOF unit
cell resulting in maximum (i.e., 100%) pore filling are given in Table 1.
The IL filling levels (see Figures 5,6,7,8 and Sl, Supporting Information)
were calculated by the ratio of the amount of IL pairs per unit cell and
the maximum IL filling.

The initial molecular configuration consists of a 4 x 4 x 4 supercell for
UiO-66 and UiO-66-NH,, 3 x 3 x 3 for UiO-66.5 and UiO-67, and 2 x 2 X 2
for UiO-68 and UiO-68-NH,. The IL molecules are embedded in the MOF
with the PACKmol software.?®l For each IL loading, the simulation
protocol consists of an energy minimization using the conjugate
gradient method,¥ followed by a 1 ns relaxation without an external
electric field, and a 10 ns simulation after the electric field is switched
on. The direction of the electric field is [110], and the IL mobilities were
calculated in separate [110], [100], and [010] directions. Due to the limited
timescales of MD simulation and the small-pore-constrained slow IL
motion, the MD simulations are performed with a strong electric field
of E=5,10, and 20 V nm™. In particular, for small pore UiO MOFs as
UiO-66-NH, and UiO-66, an excessively strong external electric field of
20 V nm™is required, as ILs possess low mobilities in the pores, shown
in Movie Sla, Supporting Information. (Please note, the electric field
in the experiments is 0.03 V um™.) As the investigated electric fields
show similar behaviors, the results corresponding to E =20 V nm™ is
incorporated in the manuscript. Consistent with our previous works,1%"
the mobility A,, of the IL has been derived from the drift velocity
kinetically as A, = ET'FZ;(g{v;)), where the i-th component corresponds
to [BMIM] and [TFSI] respectively. g corresponds to the charge of the
ion, v is the drift velocity, and F is the Faraday constant.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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