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We report on high Mg?* conduction in a metal—organic framework
(MOF), UiO-66, under organic vapors. We prepared a Mg?*-con-
taining MOF, UiO-66 D {Mg(TFSI),}; o (TFSI™ = bis(trifluorometha-
nesulfonyl)imide), including Mg?* carriers in three-dimensional
pores. The compound showed a superionic conductivity above
10~* S cm™ under MeCN and MeOH vapors.

Development of solid-state ionic conductors is one of the
current topics in materials chemistry because of their impor-
tant applications in energy storage or energy producing devices,
such as secondary batteries and fuel cells.”” In particular, a
good magnesium ion (Mg>*) conductor is required for realiz-
ation of a solid-state Mg>" secondary battery as a rare-element-
free energy storage device, while the efficient Mg>* conduction
in a solid tends to be difficult compared to monovalent ions
due to strong electrostatic interactions with neighboring ions.?
On another front, metal-organic frameworks (MOFs) have
recently attracted much attention due to their designable
porous structure which is fundamentally suitable for construct-
ing efficient ion-conducting pathways and introducing ionic
carriers. In contrast to many studies on MOFs conducting
monovalent ions, such as protons, hydroxide ions, and lithium
ions,*® there are few reports on Mg>*-conductive MOFs.” ™!
We have focused on creating novel Mg>* conductors with
porous MOFs. Recently, we reported that the migration of
Mg>* located in pores can be drastically enhanced by guest
vapors because of the formation of highly mobile coordinated
carriers."”"! Since the ion-conducting pathways are con-
structed in the pores, the vapor-induced super Mg”* conduc-
tion in MOFs should deeply depend on the structural features
of the pores (e.g. size and dimensionality). However, the
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number of reports on vapor-induced super Mg>* conduction is
currently limited and thus the optimal porous structure of the
MOFs is still not revealed well.

In this study, we report on vapor-induced Mg”* conduction
in a MOF, UiO-66 D {Mg(TFSI),}, (x = 0-2.0, TFSI~ = bis(tri-
fluoromethanesulfonyl)imide, and UiO-66 = ZrsO4(OH)4(bdc)s
(H,bdc 1,4-benzenedicarboxylic acid)). Previously, we
observed vapor-induced Mg>* conduction in two different
MOFs, containing small-sized one dimensional (1-D) pores
(~11 A, Mg-MOF-74)'>*? and large-sized 3-D pores (~32 A,
MIL-101).""" To extract the important factors for high Mg**
conduction under guest vapors, in this study, we employed
UiO-66 as a mother framework, which has small-sized 3-D
pores (~11 A).** The Mg?*'-containing sample, UiO-66 D
{Mg(TFSI);}1.0, showed a very high ionic conductivity above
10™* S em™" (25 °C, under MeOH or MeCN vapor) with a mod-
erate Mg>" transport number (fyg+ = 0.47). A comparison of
the conductivity clearly revealed that the vapor-induced ionic
conduction in MOFs deeply relates to the size and dimension-
ality of the pores.

The Mg salt-containing MOFs were prepared by an impreg-
nation method using an ethanol solution of Mg(TFSI),, accord-
ing to previous reports (details are described in the (ESI)).">""
The amount of Mg>" introduced in the MOF sample after
washing with EtOH, ie., the value of x in UiO-66 D {Mg
(TFSI),},, was determined through inductively coupled plasma
atomic emission spectroscopy (ICP-AES). The crystal structure
and porous character of the prepared samples were character-
ized with X-ray powder diffraction (XRPD) and N, adsorption
isotherm measurements. Note that we used the sample before
washing only for XRPD to detect the bulk Mg(TFSI), generated
on the surface of MOF crystals. As shown in Fig. 1, there is no
apparent change in the XRPD patterns after the Mg introduc-
tion, confirming that the UiO-66 framework remained. The
peaks from bulk Mg(TFSI),, observed in the sample of x = 2.0,
suggested that the pores were fully occupied by Mg(TFSI),
below that content. This result was confirmed more precisely
by N, adsorption isotherm measurements at 77 K (Fig. 2). The
adsorption amount significantly decreased upon increasing
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Fig.1 (a) Schematic illustration of the introduction of the Mg salts
inside the pores of UiO-66. (b) XRPD patterns of bulk Mg(TFSI), (pre-
cisely described as [Mg(H,O0)gl(TFSI),:2H,0) and UiO-66 O {Mg(TFSI),},
(x = 0-2.0).
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Fig. 2 N, adsorption isotherms of UiO-66 D {Mg(TFSI),}, (x = 0-2.0) at
77 K.

the content of Mg salt below x = 1.0, while there was almost no
change in the higher content (x > 1.0). This clearly indicates
that the loaded Mg(TFSI), was introduced inside the pores of
UiO-66 and that the pores were fully occupied at x = 1.0. Note
that the remaining N, adsorption after full occupation by the
loaded Mg(TFSI), should be because of some void space pro-
duced by the dehydration of the introduced Mg(TFSI), (pre-
cisely described as [Mg(H,0)q](TFSI),:2H,O in air) before
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adsorption measurements (i.e., vacuum at 130 °C for a night),
which is similar to the case with Mg salt-containing MIL-101.""

To study the properties of vapor-induced ionic conduction
in this MOF, we performed alternating current (ac) impedance
measurements under various organic vapors, such as MeOH,
MeCN, EtOH, tetrahydrofuran (THF), diethyl carbonate (DEC),
and propylene carbonate (PC), in the same way as our previous
reports.'®! To avoid the effects of preliminarily included
guests such as EtOH and H,O on ionic conductivity, all the
measurements were performed after activation at 130 °C under
a dry N, flow for a night (see the ESIt). Fig. 3 summarizes the
dependence of the ionic conductivity of the sample x = 1.0 on
guest vapors (Nyquist plots are shown in Fig. S1t). The Mg
salt-containing UiO-66 sample showed almost no ionic con-
ductivity (below 107'° S em™") under dry N, conditions, while
a superionic conductivity of above 10™* S cm™" was observed
under the vapors of small polar guests such as MeOH (3.7 x
107* S em™" at 25 °C) and MeCN (2.8 x 10™* S em™" at 25 °C).
There is a clear trend that large-sized guest molecules do not
lead to high ionic conductivity (e.g., DEC and PC), which
is very similar to the cases of previously reported Mg-
MOF-74 D {Mg(TFSI)}o15 and MIL-101 D {Mg(TFSI),}; 6. """
Note that we also succeeded in determining the transport
number of Mg>" (tyge) as 0.47 (under MeCN, Fig. S21), which
confirmed that Ui0-66 D {Mg(TFSI),}, , is the “Mg>"” conduc-
tor and that the value is very similar to the previous cases
(tmg = 0.47 for Mg-MOF-74 D {Mg(TFSI),}¢.15 and tyg- = 0.41
for MIL-101 D {Mg(TFSI),}, ¢).">"" The activation energy (E,) of
the ionic conduction in the MOF under each guest vapor is
listed in Table S1.1 The sample of x = 1.0 shows very low acti-
vation energy under optimal guest molecules such as MeCN
(E, = 0.15 eV) and MeOH (E, = 0.18 eV), which is also similar
to the previous examples of vapor-induced super Mg>" conduc-
tion in different MOFs (E, = 0.26 eV for Mg-MOF-74 D
{Mg(TFSI),}o15 under MeOH and E, = 0.18 for MIL-101 D
{Mg(TFSI),}, ¢ under MeCN),">"" implying a similar trend of
the conduction mechanism.
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Fig. 3 Temperature dependence of ionic conductivity of UiO-66 D {Mg
(TFSI)2}1.0 under various organic vapors.
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To reveal the guest adsorption ability of the sample, we
measured adsorption isotherms for the vapors of these small
guest molecules, MeOH and MeCN. As shown in Fig. 4, the
salt-containing sample (x = 1.0) showed a large amount of
MeOH adsorption, indicating that the adsorbed guest mole-
cules play a critical role in the high conductivity of this MOF.
Note that the XRPD measurements under vacuum and MeOH
vapor (Fig. S37) clearly indicated the inclusion of the adsorbed
MeOH molecules inside the MOF; an apparent difference in
the intensity ratio of the XRPD patterns before and after
exposure to MeOH vapor was observed, while there was almost
no change in the lattice constant because of the rigid frame-
work of UiO-66. The difference in the adsorption behavior of
the salt-containing MOF compared to the blank MOF (x = 0),
i.e.,, the suppressed adsorption amount in a low pressure
region and a similar total adsorption amount in a high
pressure region, is similar to the case of previously reported
MIL-101 and Mg-MOF-74.">"" In the case of MeCN, the sample
also showed a large amount of adsorption of MeCN (Fig. S47)
and the adsorption behaviour is similar to the case of MeOH.
The total amount of MeOH adsorption at high pressure is con-
siderably higher than that of MeCN adsorption in both
samples of x = 0 and 1.0. This would be mainly due to the
molecular size and a similar tendency was observed in the pre-
vious report.’® The remarkably higher adsorption amount of
MeOH in x = 0 would indicate the fact that the mother frame-
work UiO-66 has high affinity for MeOH rather than for MeCN.
This would be one of the reasons for the higher conductivity
under MeOH rather than under MeCN. Our previous reports
revealed that Mg”* introduced inside the pores of MOFs can
form highly mobile coordinated carriers in the presence of
adsorbed guest molecules and thus small guest molecules are
advantageous for high ionic conduction.'’ According to the
previous literature,">'® the coordination geometries of Mg**
with MeOH and MeCN are almost the same, i.e., octahedral
six-coordination. Considering the fact that a similar ion-con-
ductive behavior under these guests was observed, while
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Fig. 4 Adsorption isotherms of blank UiO-66 (x = 0) and UiO-66 D {Mg
(TFSI)2}10 (x = 1.0) under MeOH vapor.
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MeOH and MeCN have a remarkable difference in proticity
(MeOH : protic and MeCN:aprotic), the vapor-induced
increase of ionic conductivity should be caused by a similar
mechanism of ionic conduction in this MOF, ie., the for-
mation of highly mobile Mg®" carriers through coordination
by the adsorbed guest molecules. The adsorption amounts of
both of MeOH and MeCN molecules are enough to form such
coordinated carriers (>6 molecules per a formula), which sup-
ports this conduction mechanism.

Comparing the ionic conductivity among the Mg”*-contain-
ing samples with different mother frameworks of UiO-66,
MIL-101, and Mg-MOF-74, the order of the conductivity at
25 °C under the optimized conditions is MIL-101 (1.9 x 107> S
cm ™" under MeCN vapor) > Ui0-66 (3.7 x 10~* S cm™" (MeOH))
> Mg-MOF-74 (2.6 x 107* S cm™" (MeOH)). This order is the
same as the case under the same small guest molecules (i.e.,
MeOH and MeCN); for instance, MIL-101 (1.9 x 107> S em™ ") >
Ui0-66 (2.8 x 107* S cm™') > Mg-MOF-74 (4.6 x 107> S cm ™)
under MeCN. Considering the similar fashion of the ionic con-
duction under guest vapors in these MOFs as described above,
this difference in the conductivity is mainly derived from the
difference in the porous structure of the mother frameworks.
Since the structural features of the mother frameworks of Mg-
MOF-74, MIL-101, and UiO-66 are roughly described as small-
sized (~11 A) 1-D pores,'? large-sized (~32 A) 3-D pores,’* and
small-sized (~11 A) 3-D pores,"* respectively, we could state
that there are two important factors for the vapor-induced
ionic conduction in MOFs. First is the pore size; a larger pore
size is advantageous for high ionic conductivity (i.e., MIL-101
> Ui0-66), which would be because the migration of the large-
sized coordinated carriers requires large spacing in the pores.
Regarding this point, we think that there is some upper limit
of the pore size for the enhancement of the vapor-induced
ionic conduction because an extremely large-sized pore (e.g.,
mesoporous materials) should make the introduced Mg(TFSI),
show the bulk-like physical property. Our previous report
revealed that bulk Mg(TFSI), did not show such vapor-induced
ionic conduction as a solid-state compound.’* Second is the
dimensionality of the pores; a higher dimensionality of the
pores is advantageous for high ionic conductivity (i.e., UiO-66
> Mg-MOF-74). This would be because the 1-D pores (i.e., 1-D
ion-conducting pathway) that locate vertically to the applied
electric field prevent the migration of the introduced carriers
in the powder sample, while the 3-D pores provide efficient
ion-conducting pathways in any direction. Although the vapor-
induced super Mg>" conduction in MOFs is still under investi-
gation, we could demonstrate that both pore size and dimen-
sionality are some of the most important factors for high Mg?*
conductivity in MOFs.

Conclusions

In conclusion, we succeeded in creating a Mg**-conductive
MOF, UiO-66 D {Mg(TFSI),}, .0, showing a superionic conduc-
tivity of 3.7 x 107" S em™ at 25 °C under the vapor of the
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optimal guest, MeOH. The transport number of Mg>" was
determined to be tyg:- = 0.47. Conductivity and adsorption
measurements revealed that the vapor-induced super Mg
conduction in this MOF would be caused by the formation of
the coordinated carriers consisting of introduced Mg>" and
adsorbed guest molecules. Considering the results of the sys-
tematic comparison between the structural features of MOFs
and their ionic conductivity, we could state that there are two
important factors, ie., high dimensionality and large pore
size, for high ionic conductivity in the vapor-induced Mg**
conduction. This should greatly contribute to the development
of MOF-based Mg>* conductors.
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