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Iimidazole was introduced into the channels of the metal-
organic framework UiO-67 using an evaporation method. The
imidazole@UiO-67 composite presents a high proton
conductivity of 1.44x10° Sem™ at 120°C under anhydrous
conditions. With a low activation energy at high temperatures
(0.36 eV), the hybrid material can be regarded as a super-
ionic conductor.

Proton-conducting materials are an important component of
fuel cells. The first proton-conducting material used as a fuel cell
separator/proton conductor was the perfluorinated sulfonated
polymer commercially known as Nafion, which operates in a
temperature range of 20-80°C with a high conductivity (10 Sem’
"[1]. Nafion and similar polymeric materials have been widely
used in fuel cells operating at low temperature; however, the
conductivity of these sulfonated polymers decreases significantly
above 80 °C due to the loss of chemically-bound water.
Development of new conducting materials with higher proton
conductivity that undergoes anhydrous conditions is required to
increase the efficiency of fuel cells.

One approach for developing ion conducting separators that
operate at higher temperatures, is to load guest molecule (protic
molecules or ions) into the pores of solid supports, such as porous
materials [2-8]. Heteropolyacids as composite membranes on
silica supports [9] and perfluoroalkylsulfonic acid grafted on the
surface of mesoporous silica [10] have been studied. Such
composite solids show proton conductivity values (0.1 Sem™)
comparable to that of Nafion. The proton conductivity, however,
drops substantially at temperatures above 80 °C, similar to
Nafion.

Metal-organic frameworks (MOFs) are a class of hybrid
inorganic-organic compounds consisting of networks of metal
ions or metal clusters connected via organic ligands [11-14]. This
new type of mesoporous functional materials has pores that are
adjustable. The structural characteristics of MOFs make them
promising for the design of new ion conductors. The comparable
sizes of the MOF pore diameters and guest molecules enable the
enhancement of the mobility of the guest molecules and ions. S.
Kitagawa and co-workers [2,3] have focused on the hybridization
of the proton carrier and MOFs on the molecular scale. These
authors prepared two imidazole-loaded MOFs and investigated
their proton-conduction behavior. Imidazole was loaded into two
Al-based frameworks, [Al(OH)(ndc)],(ndc=1,4-
naphthalenedicarboxylate) and [Al(OH)(bdc)],(bdc=1,4-

a

o

Py

S

benzenedicarboxylate). Imidazole@[Al(OH)(ndc)],  which

s0 exhibited an ionic conductivity of 2.2x10° Sem™ at 120 °C.

Imidazole@[Al(OH)(bdc)], exhibited a conductivity 1.0x107
Sem™ at 120 °C. In addition, the composite [Al(OH)(ndc)], and
histamine was also fabricated, which achieved a conductivity of
1.7 10° Sem™ at 150 °C in a completely anhydrous
environment. The results of these studies demonstrated that
proton-conducting

Scheme 1 (a) Schematic representation of formation of UiO- 67 with
acetic acid as the modulator. (b) A process of imidazole molecule loading
in the channels of UiO-67 (blue is imidazole molecule).

materials incorporated in MOFs show unique proton-conduction
behavior resulting from the confinement within the MOFs. The
design flexibility and framework tunability of this class of
materials suggest that they can serve as a versatile platform for
new types of proton conducting materials. Despite the recent
progress in hybrid proton conducting MOFs, many challenges
remain. The conductivities of the reported guests-loaded proton-
conducting MOF materials were insufficient to warrant use of
these materials in practical applications. Consequently, further
improvement of the basic concept is needed to identify better
MOFs supports that are suitable proton carriers.

The UiO-type MOFs (UiO stands for University of Oslo) [15-
22], are composed of {ZrsO4(OH)s} oxoclusters nodes and
dicarboxylate linkers and are known for the excellent thermal and
chemical stabilities. The first members of this class were the
series UiO-66 (with terephthalate as linker), UiO-67 (with
biphenyldicarboxylate) = and  UiO-68  (with  terphenyl
dicarboxylate). The thermal stability together with the versatile
organic composition and low toxicity of zirconium, make these
materials an interesting candidate for use as porous solid
supports. However, the incorporation of guest molecules within
the pores of UiO-type MOFs has only been recently studied and,
to the best of our knowledge, there have been no reports of the
synthesis of imidazole@UiO composites. In the work reported

ss herein, imidazole was introduced into the UiO-67 pores to form

anhydrous  proton carrier pathways. The composite

imidazole@UiO-67 achieved a conductivity of more than 107
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Sem™ at 120 °C in a completely anhydrous environment, which is
higher than other imidazole-impregnated MOFs reported to date.
The UiO-67 crystal was synthesized by reacting zirconium
chloride (ZrCly) with 4,4'-Biphenyl dicarboxylic acid (H,BPDC)
s modulated by the addition of acetic acid (Scheme 1a). Imidazole
molecules were introduced into the pores of UiO-67 using an
evaporation method (SI). In order to investigate the
concentrations of imidazole in the composites, the different
weight ratio of imidazole and UiO-67 were used in process of
10 evaporation. The composite with full imidazole loading is
designated imidazole@UiO-67 in this work.
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Fig. 2 N, adsorption isotherms of UiO-67 and imidazole@UiO-67 at 77K.
The insets show the BJH pore size distribution curve.

The crystal structures of UiO-67 and imidazole@UiO-67 were

20 measured using wide-angle X-ray diffraction (XRD) as shown in
Fig. 1. The relative intensity and peak positions found in the
XRD pattern is consistent with previous reports and theoretical
powder patterns [18,22], confirming the formation of the
desirable UiO-67 type crystalline frameworks. The UiO-67
25 crystal is based on the ZrgO4(OH), building unit, forming lattices
by a 12-fold connection through the BPDC linkers, resulting in a
face centred cubic (fcc) structure (a=27.1 A). The structure of the
UiO-67 contains two types of cages: an octahedral cage (Scheme
1b, large purple spheres, ®~18 A) that is face sharing with 8
s tetrahedral cages (Scheme 1b, small purple spheres, ®~11.5 A)
[16,18]. Powder X-ray diffraction patterns of imidazole@UiO-67
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suggested that the framework of UiO-67 was maintained without
damage. Moreover, a slight change in Bragg peaks intensity at
low angle was noticed that can be associated to the presence of
imidazole molecules within the pores of UiO-67.

The N, adsorption-desorption isotherm and the Barrett-Joyner-
Halenda (BJH) adsorption pore size distribution plot of the
composites are shown in Fig. 2. The curves of as synthesized
UiO-67 adhere to the type-I isotherm, a typical characteristic of
microporous adsorbents. The specific BET surface area of UiO-
67 was measured as 1662 m’g”! (Langmuir surface area is 1892
m’g™). The pore size distribution curve of UiO-67 using the BJH
model exhibited micropores centered at 1.99 nm with the total
pore volume 0.94 cm’/g. N, adsorption of imidazole@UiO-67 at
77K was measured and the adsorbed amount decreased compared
with UiO-67, which suggested that imidazole molecules occupied
the micropore spaces of UiO-67. The specific BET surface area
and the total pore volume of imidazole@UiO-67 was decreased
to 18 m’g" and 0.15 cm®/g due to the imidazole loading.

The morphology and microstructure of the samples were
examined using TEM. As shown in Fig. 3, the UiO-67 crystal
exhibits a tetragonal morphology. The crystal morphology of
imidazole@UiO-67 is similar to the UiO-67 crystal, which
indicated that the imidazole molecules in the composite were
accommodated inside the micropores of UiO-67, not aggregated
on the outer surface.

The chemical state of samples was investigated using X-ray
photoelectron spectroscopy (XPS) to probe the properties of the
inner-shell electrons (Fig.S1). High-resolution narrow-scan
spectra were obtained for the Ols, Cls, and Zr3d core levels of
UiO-67. The Ols spectrum reveals a component with binding
energy (BE) 531.68 eV corresponding to oxygen ions of hydroxyl
groups [23]. The two peaks at 182.48 and 184.78eV in the Zr3d
spectrum can be ascribed to the spin-orbit splitting of the Zr3d
components, Zr3d5/2 and Zr3d3/2. The observed Zr 3d5/2
binding energy of ~182.48 ¢V for the samples are higher than that
of metallic Zr (178.7-180.0 eV), ZrC (178.6—179.6 eV), but
comparable to that of hydroxide state Zr*'(OH) (~182.6 V) [23-
25].Therefore, it can be concluded that the Zr atoms are primarily
coordinated with oxo and hydroxo oxygenatoms in the
composites. When imidazole loading, no obvious BE shifts were
observed. The N1s spectrum of imidazole@UiO-67 reveals only
one peak at 400.6 eV, which can be attributed to the aromatic
heterocyclic structure of imidazole. The XPS results indicated
that there is no obvious interaction between imidazoles and
carboxylate groups of UiO-67.

The amount of imidazole in UiO-67 was checked by
thermogravimetric analysis (TGA) measurement (Fig. 4). TGA of
the UiO-67 shows two steps of weight loss. The first step of 10%
weight loss (30-300 °C) can be assigned to the loss of water and
solvent from the product. The curve shows a stability plateau in
the range of 300-500 °C before a second step of an additional
37% weight loss occurs (500-600 °C), which corresponds to the
thermal decomposition of the MOF framework. The TGA profile
of imidazole@UiO-67 exhibits no weight drop until 140 °C,
indicating that the imidazole molecule is accommodated in the
pores, not aggregated on the outer surface of the UiO-67 bulk,
because the melting temperature of pure imidazole is 93 °C.
Above 140°C, there was a 36% the weight loss until the sample
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reached 250°C, which was attributed to the release of imidazole
from the UiO-67 channels. This would indicate that the UiO-67
absorbed 36% of its weight in imidazole with full loading. The
remaining 22% of the composite sample weight loss occurred at
the same temperature as the unloaded UiO-67, indicating that the
loading and release of imidazole in the pores did not damage the
framework of the UiO-67. Considering that the dispersion of
imidazole is uniform in the pores of UiO-67, the density of
imidazole loaded into the pores can be calculated from the total
pore volume of the UiO-67 host. This value is 0.38 g/cm®, which
is lower than the 1.23 g/cm’® for the bulk imidazole solid [26].
This indicates that the absorbed imidazole molecules in the UiO-
67 framework have a different packing arrangement than bulk
imidazole. In addition, the content of imidazole in the composites
can be controlled by using different weight ratio of imidazole and
UiO-67 in process of evaporation. The composites with less
content (30% and 21% quantity of imidazole) were obtained (Fig.
S2).
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Fig. 3 TEM image of UiO-67(a,b) and Imidazole @UiO-67 (c,d)
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Fig. 4 TGA of UiO-67 and Imidazole@UiO-67 under N, atmosphere

The proton conductivity of imidazole confined in the channels
of UiO-67 was measured using AC impedance spectroscopy
under anhydrous conditions. Samples for conductivity
measurements were prepared by pelletizing the Imidazole@UiO-
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67 composite powders. Below 70°C, the complex-impedance
plane plots exhibit only one depressed semi-circular arc at high
frequency including the relaxation of protons at the grain interior
and grain boundary, as shown in Fig .4. The grain interior and
grain boundary arc cannot be separated because the values of the
time constant t of two components are comparable. As a result, it
is difficult to separate the grain interior and grain boundary
resistances and only the total resistance can be obtained. The
resulting equivalent circuit (RC parallel circuit) is adaptable for
this case (where R is the total resistance of proton transfer, C is
the capacitance). The corresponding capacitance is on the order
of 10" F and varies little with temperature. The Gradual
disappearance of the semicircle was observed from 80 to 130 °C
due to a decrease in the value of the time constant t [3].

The conductivity of the samples was calculated using the
following equation: 6=L/RS, where L is the thickness of the
sample under study, R is the total resistance determined from the
fitting of the impedance diagrams, and S is its geometric area. We
observed a linear increase in conductivity with increasing
temperature: 1.81x107 Scm™ at 50°C to 1.44x10~ Sem™ at 120°C
and the highest conductivity of 1.52x10~ Sem™ was attained at
130°C. Above 130°C, the conductivity decreased gradually due to
the release of imidazole from pores of UiO-67. These results
show that the conductivity of the composite at 120 Cis much
higher than that of imidazole@[Al(OH)(ndc)], (2.2x10° Sem™)
and is comparable to the histamine@[Al(OH)(ndc)], at 150°C
(1.7x 10 Sem™)[2,3]. It is well known that imidazole exists in
two tautomeric forms as a result of the migration of the proton
between the two nitrogen atoms, thus providing a pathway for
proton conduction. However, the bulk imidazole does not exhibit
significant proton conduction exhibiting a conductivity of about
10® Sem™ at room temperature due to the dense packing of
imidazole. Moreover, no detected signal was observed in UiO-67
by the AC impedance spectroscopy in the temperature range
measured, which is indicative of negligible proton conductivity
for this parent framework. This means a significant improvement
in the conductivity arises from the imidazole accommodated by
the UiO-67. This incorporation of imidazole into the channels of
UiO-67 promotes the dynamic motion of guest molecules,
resulting in high proton conduction. It has been reported that this
ionic conductivity can be enhanced when a thickness space-
charge layers is comparable to the Debye length [27]. The size
and shape of imidazole (4.3 Ax3.7 A) can fit into the tetrahedral
cages (®~11.5 A) and octahedral cage (d~18 A) of UiO-67. The
flips of confined imidazole within the channel of UiO-67 lead to
disruption and rearrangement of the hydrogen bonds which
provides more pathways for proton migration, thereby improving
proton conduction.

The conductivity as a function of temperature is derived from
the Arrhenius equation, expressed as follows:

Op Ea

0 =-Fexp—ir
Where o is the ionic conductivity, o, is the pre-exponential
factor, T is the absolute temperature, k is the Boltzmann constant
and E, is the activation energy of the proton hopping. Fig. 5d
shows the composite conductivity plotted according to the
Arrhenius law. The activation energies can be determined from

This journal is © The Royal Society of Chemistry [year]
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this Arrhenius curve. It is noteworthy that a change in the
activation energy is seen observed near 90 °C. At temperatures
ranging from 45 to
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90 °C, the composite shows the high activation energy for proton
hopping. The activation energy was reduced to 0.36 eV as the
temperature increased due to the low interaction between the
10 guest and host and allows the imidazole to pass freely through the
host. The low activation energy at high temperature reflects the
Grotthuss mechanism of proton conduction for the composite
[28,29]. When we introduced a comparatively small amount of
imidazole into UiO-67, composites containing 21% quantity of
1s imidazole was obtained. The conductivities were 3.82x10° Scm™
at 120 °C, which were three orders of magnitude smaller than that
of imidazole@UiO-67 with full loading. The results suggest that
the concentration of the proton carrier is critical for conductivity.
To investigate the stability of imidazole inside the cavities of
20 UiO-67, the leaching test on the imidazole@UiO-67 was
performed in water (SI). It was found that the imidazole@UiO-67
shows significant structural breakdown after treated with water
for 1 hour, as evidenced by the XRD patterns (Fig. S7). AC
impedance measurements show that the resistance of the sample
25 is too high, and the AC impedance spectrum could not be
obtained in the temperature range measured under anhydrous
conditions, which is indicative of negligible proton conductivity
for the sample. The results indicate that the imidazole in UiO-67
is not stable and the UiO-67 frameworks are susceptible to
30 degradation by water. The stability test demonstrates that there is
limited operation temperature window for the UiO-67 based
membranes for fuel cell application as water is the product of the
fuel cell reaction. Nevertheless, we think that the hybrid material
can be regarded as a super-ionic conductor due to its high
35 conductivity under anhydrous conditions. In the next work, it will
be necessary for study of the structural and conductivity stability
of the sample under different humidity conditions.
In summary, incorporation of imidazole into the pores of the Zr
based MOFs UiO-67 have been successfully executed for the first
40 time, using an evaporation method. The resulting composite
achieved a conductivity of over 10° Scm™ at 120 °C in a
completely anhydrous environment, which is higher than other
imidazole-impregnated MOFs reported to date. The UiO-67 host
has micropores that are larger enough to accommodate the

4s imidazole guests and facilitate higher mobility, which resulted in
the high proton conductivity. With a low activation energy (0.36
eV), it is expected that this new proton-conduction material will
offer new opportunities for super-ionic conductors.
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