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Proton-conductive materials are the most important components in fuel cells. At present, there are still
significant challenges for the controllable design of anhydrous proton electrolytes with high conductivity
at high temperature (>80 °C). Herein, we propose proton conduction across heterogeneous channels
in a metal-organic framework/covalent—organic framework hybrid (MOF@COF). The imidazole mole-
cules are encapsulated UiO-67@TAPB-DMTP-COFs (TAPB = 1,3,5-tri(4-amino-
phenyllbenzene, DMTP = 2,5-dimethoxyterephthalaldehyde), and they achieve the highest anhydrous
proton conductivity (¢ = 1.4 x 1072 S cm™ at 120 °C) with an ultra-low activation energy. The
synergism of porous MOF@COF heterostructures is of great significance for improving proton
conduction, which is due to the rearrangement of hydrogen bonds and the enhanced transport of
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protons across the unique heterogeneous channels. This work provides a novel platform based on a

rsc.li/materials-advances MOF@COF hybrid for high-temperature anhydrous proton conduction.
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1. Introduction

With current rapid developments in technology and the global
economy, humankind is facing two major problems: environ-
mental pollution and an energy crisis. Fuel cells can quickly
convert chemical energy into electrical energy through the
chemical reaction of hydrogen and oxygen gas, producing clean
energy."™ Proton-conductive materials are the most impor-
tant components in fuel cells, and they have attracted much
attention from scientific researchers.’” At present, commercial
proton-conductive materials constructed from an organic
exchange membrane and a solid electrolyte (a perfluorosulfo-
nated polymer called Nafion) can work at temperatures up to
80 °C, and their conductivity can reach 10> S cm %.%°
However, the conductivity of such sulfonated polymers
decreases linearly with the loss of water at high temperatures
(>80 °C), and this means that they are far from meeting the
needs of high-power fuel cells.

To improve the efficiency of high-power fuel cells, the
development of new proton-conductive materials with high
conductivity under an anhydrous environment has become an
important topic. Loading proton carriers, such as imidazole or
pyrazole heterocyclic molecules, into the channels of a solid
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porous framework is well known as a novel method for improv-
ing the high-temperature performance of proton-conductive
materials."®** Using this approach, a unique high-speed
proton-transport path can be formed in the channels of these
materials."*'* Recently, functional porous crystals such as
metal-organic frameworks (MOFs) and covalent organic frame-
works (COFs) have attracted extensive attention. MOFs are
hybrid inorganic-organic compounds connected by metal ions
through organic ligands."”® These new porous materials have
adjustable structures, high porosities, and large specific surface
areas; they thus have extensive prospects in the design of
new proton-conductive materials. Loading carrier molecules
such as organic heterocycles, like imidazole or triazole,
into the channels of MOFs is one of strategies used to improve
the proton conduction at high temperatures. Bureekaew et al.®
first encapsulated imidazole into [Al(OH)(1,4-naphthalenedicarb-
oxylate)],, MOFs, and a proton conductivity of 2.2 x 107> S cm™*
at 120 °C was observed; this far exceeds the conductivity of solid
imidazole (~10"% S ecm™"). Another study was carried out by
Shimizu et al., wherein 1,2,4-triazole was used as the guest proton
carrier; this was loaded into the one-dimensional channels of
Naj(2,4,6-trihydroxy-1,3,5-benzenetrisulfonate) (b-PCMOF2). The
b-PCMOF2 framework exhibited a conductivity of 10 S em™*
above 70 °C; however, when 1,2,4-triazole was introduced into the
channels of the framework, the conductivity at 150 °C increased
to5x 10 *Scem 1LY

COFs are another kind of porous material formed via
covalent bonding between light elements such as C, H, O, B,
and N.”°* These materials have high specific surface areas,
low densities, a wide pH tolerance, good water retention and
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easily modified functionality. Researchers can predesign the
topologies of different organic units to form porous crystal
materials with different dimensions and shapes through self-
assembly. Heterocyclic molecules are introduced into the
designed COFs to form excellent proton-conductive materials.
Xu et al.’> pioneered the loading of imidazole and pyrazole,
respectively, into two-dimensional triphenylbenzene-2,5-di-
methoxyterephthalaldehyde (TPB-DMTP) COFs, where the pro-
ton conductivity at 130 °C was found to be 4.37 x 10> S cm ™"
for the former and 3.3 x 10> S cm ™' for the latter. These
results demonstrate the potential of microporous and meso-
porous frameworks as a platform for proton conduction.
Their oriented porous channels enhance the loading of proton
carriers, reduce the activation energy, and improve the proton
conduction. However, many challenges still remain for these
materials. The reported conductivities of host-guest materials
are still insufficient for high-power fuel cells. Therefore, it is
necessary to further optimize the channel structures (size and
shape) of these materials to further reduce the activation energy
of the proton carriers.

Although many individual MOFs and COFs have been
synthesized, their exploration and applications are unsatisfac-
tory due to their monotonous structures. Hybrid materials
constructed from both MOFs and COFs, known as MOF@COFs,
combine the advantages both materials, meaning that they are
widely used in applications including catalysis, gas separation,
and sensing.”*>® Fu et al.*’ reported the COF-300@ZIF-8 com-
posite, which showed the highest separation selectivity perfor-
mance for H,/CO, gas mixtures. Lan et al>® provided an
integrated porous NH,-UiO-66/TpPa-1-COF hybrid with good
photocatalytic H, evolution under visible light. Lu’s group used
the NH,-MIL-125@TAPB-PDA-COF hybrid as an excellent
photocatalyst for selectively oxidizing alcohols.>® However,
MOF/COF hybrid materials have never been explored in the
application of proton conduction, especially in the proton
conductivity of guest molecules that occupy the heterogeneous
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channels of MOF@COFs. Core-shell MOF@COFs can combine
the pore characteristics of both materials and produce multi-
functional porous MOF@COF heterostructures, making them
interesting candidates for porous solid supports. Compared
with individual MOFs or COFs, MOF/COF heterostructures
exhibit many advantages for proton conduction due to the
synergistic effects of their different components. Pristine MOFs
usually demonstrate unsatisfactory stability and limited con-
ductivity, while COFs show enhanced chemical stability and
conductivity due to the n-n conjugated structures in the plane
and in the stacking direction.?® Therefore, the hybridization of
MOFs and COFs results in increased stability, and electroche-
mical properties such as the ion-transfer ability can be
improved. Moreover, MOF and COF hybrids exhibit designable
porous nanostructures, large surface areas and smaller band
gaps, which can greatly boost the transfer and diffusion of
molecules and benefit the transport of ions.

In this work, we synthesized a novel core-shell MOF@COF
composite with heterogeneous micro-/mesoporous channels
by selecting typical microporous UiO-67 and mesoporous
1,3,5-tri(4-aminophenyl)benzene (TAPB)-2,5-dimethoxytereph-
thalaldehyde (DMTP)-COFs as the precursors. Here, UiO-67 was
prepared using a solvothermal method, and TAPB-DMTP-COF
crystals were grown on the surface of UiO-67 in situ. Imidazole
molecules were used as proton carriers and were introduced
into the heterogeneous channels of the UiO-67 @TAPB-DMTP-
COFs, as shown in Scheme 1. The composite material imida-
zole@UiO-67@TAPB-DMTP-COF was found to exhibit an
ultra-high anhydrous proton conductivity (107> S em™" at
120 °C), which is superior to that of any imidazole-
encapsulated proton-conducting material reported so far. The
remarkable conductivity of this material is due to the special
hydrogen-bonding networks in the heterogeneous channels,
which provide a low activation energy for proton migration.
By varying the shell thickness of the core-shell structure
and the amount of imidazole loaded into the channels, we

Imidazole in channel

Evaporative infusion imidazole
to Ui0-67@TAPB-DMTP-COFs
—

Imidazole@UiO-67 @TAPB-DMTP-COFs

Scheme 1 Schematic of the synthetic route to imidazole@UiO-67@TAPB-DMTP-COFs.
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thoroughly examined the proton-transport mechanism and the
enhancement effect of the heterogeneous channels.

2. Experimental

2.1. Materials

In this work, all chemicals were used as supplied and were not
further purified. Anhydrous zirconium chloride was purchased
from J&K Scientific; imidazole was purchased from Adamas;
biphenyl-4,4-dicarboxylic acid and 1,3,5-tris(4-aminophenyl)-
benzene were purchased form TCI; 2,5-dimethoxyterephthal-
aldehyde was purchased from Aldrich; 1,4-dioxane, n-butanol,
methanol, glacial acetic acid, tetrahydrofuran, and N,N-di-
methylformamide (DMF) were purchased from Adamas.

2.2. Synthesis of UiO-67

UiO-67 was prepared by dissolving ZrCl, (0.2800 g, 1.2 mmol)
and biphenyl-4,4-dicarboxylic acid (0.2906 g, 1.2 mmol) in a
mixture of 30 mL DMF and 2 mL acetic acid, with constant
stirring at room temperature. The mixture was then transferred
to a Teflon-lined stainless-steel autoclave (100 mL) and heated
at 120 °C for 2 days. The reaction product was cooled naturally
to room temperature, washed three times with DMF and dried
at room temperature. Excess ligands and organic solvent in
the material were removed via high-temperature treatment at
300 °C for one day. Finally, the light yellow powder UiO-67 was
obtained.

2.3. Synthesis of TAPB-DMTP-COFs

10.5 mg of TAPB and 8.5 mg of DMTP were dispersed in 4.5 mL
of a mixed solution of 1,4-dioxane, n-butanol, and methanol
(volume ratio 4:4:1). After the monomer had dissolved com-
pletely via ultrasonication for half an hour, 0.1 mL of acetic acid
(3.0 mol L") was added slowly, and this was allowed to react at
room temperature for 2 h. Then, 0.4 mL of acetic acid was
added to the above mixture, and the resulting mixture was
placed in an oven at 80 °C for 24 h.

After the reaction, the precipitate was washed with tetra-
hydrofuran three times and finally dried under vacuum at 60 °C
for 24 h.

2.4. Synthesis of UiO-67@TAPB-DMTP-COFs (MC-x, x = 1, 3)

19 mg of UiO-67, 10.5 mg of TAPB, and 8.5 mg of DMTP were
dispersed in 4.5 mL of a mixed solution of 1,4-dioxane,
n-butanol, and methanol (volume ratio 4:4:1). To the above
solution 0.1 mL of acetic acid (3.0 mol L") was added slowly
and the reaction was allowed to proceed at room temperature
for 2 hours. Then, 0.4 mL of acetic acid was added to the above
mixture and heated at 80 °C for 24 h. After the reaction, the
precipitate was washed three times with tetrahydrofuran and
dried under vacuum at 60 °C for 24 h to obtain a yellow powder,
which was named MC-1 (x = 1, a thick-shell structure). The
synthesis of MC-3 (x = 3), which has a thin-shell structure,
followed the same procedure, but the amount of UiO-67 was
increased threefold (57 mg).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.5. Synthesis of imidazole@UiO-67@TAPB-DMTP-COFs
(MC-xy,x=1,3;y=1,2)

Imidazole was loaded into the UiO-67@TAPB-DMTP-COF using
a vapor-evaporation method. Before evaporation, MC-x (x =1, 3)
powder was placed in a vacuum at 120 °C for 12 h to remove the
water molecules in the channels, and then it was cooled to
room temperature. Next, imidazole and MC-x powder (the mass
ratio of imidazole to MC-x was defined as y, which had a value
of 1 or 2) were placed in a special container, and these reactants
were separated with a 2000-mesh stainless-steel sieve (MC-x
was placed on top of the sieve and imidazole was placed at the
bottom of the container). The container was then placed in a
vacuum incubator and heated to a temperature of 120 °C,
which was maintained for 13 h. The imidazole molecules were
vaporized and loaded into the channels of MC-x, producing
Im@MC-11 (x = 1, y = 1), In@MC-12 (x = 1, y = 2), In@MC-31
(x=3,y=1),and Im@MC-32 (x = 3, y = 2).

2.6. Characterization

Powder X-ray diffraction characterization of the samples was
carried out using a Bruker D8 powder diffractometer with CuKo
radiation. Scanning electron microscopy (FE-SEM, SU8020,
Hitachi, Japan) and transmission electron microscopy (TEM,
Tecnai G2 F20, FEI, USA) were used to analyze the morphology
of the samples. Thermogravimetric analysis (TGA) was carried
out using a TGA analyzer (TG,STA 449 F3, NETZSCHN, Germany)
in the range from RT to 800 °C at 10 °C min ™. The pore size and
specific surface area of the samples were analyzed using a BET
tester (3H-2000PM1, Bester Instrument Technology Co., Ltd,
China). Fourier transform infrared (FTIR) spectroscopy was
carried out using a Nicolet IS10 spectrometer (Thermo Nicolet
Corporation). AC impedance spectra were measured using an AC
bridge (LCR, ZL5, Shanghai Haoshun Technology Co., Ltd,
China) with a frequency range of 12-100 kHz.

2.7. Conductivity measurement

The powder sample (about 200 mg) was pressed into a cylin-
drical sheet with a surface area of 0.5024 cm?® using a powder
tablet press at 9 MPa. Then fix the sheet sample in a special
fixture equipped with measuring electrode. The fixture was
placed in a vacuum tube furnace, and the AC impedance was
measured at 50-130 °C under an argon flow (50 mL min ).
Measurements were taken under anhydrous conditions and at
thermal equilibrium by holding for 30 min. The formula for
calculating the sample conductivity is as follows:

o =LIR x S) 1)

where ¢ (S cm™") is the conductivity of the sample, L (cm) is the
thickness of the sample being measured, R (Q) is the total
resistance determined via the impedance spectrum, and
S (cm?) is the cross-sectional area of the sample.

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

o= G—Toexp (—%) (2)
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where ¢ 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 proton hopping.

3. Results and discussion

Ui0-67 was prepared via coordinating Zr** with diphenic acid
ligands using a solvothermal method. TAPB-DMTP-COFs were
synthesized via condensation of TAPB and DMTP under sol-
vothermal conditions. The targeted core-shell UiO-67@TAPB-
DMTP-COFs were fabricated using a one-step synthesis process
in which TAPB-DMTP-COFs was grown on the surface of
UiO-67 via a condensation reaction. Herein, depending on the
amounts of starting materials (see the Experimental section for
details), the obtained UiO-67@TAPB-DMTP-COFs were named
MC-x (x = 1, 3), where MC-1 represents a thick-shell structure
and MC-3 represents a thin-shell structure. Imidazole was
loaded into the UiO-67@TAPB-DMTP-COFs, and the resulting
materials were named Im@MC-xy (x = 1, 3; y = 1, 2), where y
denotes the feed mass ratio of imidazole to the UiO-67@TAPB-
DMTP-COF.

The crystal structures of the materials were investigated
using powder X-ray diffraction (PXRD). As shown in Fig. 1, both
UiO-67 and the TAPB-DMTP-COF showed relatively crystalline
diffraction patterns as synthesized, and these were consistent
with the simulated results (Fig. S1 and S2, ESIt). Fig. 1 also
shows the PXRD spectra of UiO-67@TAPB-DMTP-COFs (MC-x)
and imidazole@UiO-67@TAPB-DMTP-COFs (Im@MC-xy). The
positions and intensities of the characteristic peaks of MC-1
and MC-3 were the same in the PXRD spectra. The diffraction
peaks at 5.60° corresponded to the (200) crystal planes of
TAPB-DMTP-COFs, and the diffraction peaks at 5.60°, 6.45°,
and 9.28° were assigned to the (111), (200), and (220) crystal
planes of UiO-67, respectively. These results suggest that core—
shell UiO-67@TAPB-DMTP-COFs with different shell thicknesses
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were successfully prepared. The PXRD results of the four materials
evaporated with imidazole (i.e., Im@MC-11, Im@MC-12,
Im@MC-31, and Im@MC-32) show that the loading of imida-
zole molecules does not significantly change the diffraction
peaks of the MOF@COFs. With the loading of imidazole
molecules, four characteristic peaks for imidazole (Fig. S3,
ESIt) appear in the diffraction-angle range of 20-32°. This is
due to the aggregation of a large number of imidazole mole-
cules in the channels.

The morphologies of the samples were observed using
transmission electron microscopy (TEM). As shown in Fig. 2,
the MC-x materials showed typical core-shell structures. The
cores of the materials were regular polyhedral UiO-67 crystals,
and the shells were stacked with flakes of COFs crystals. For the
thin-shell sample MC-3, it can be seen that the shell thickness
was about 20 nm and that the overall morphology remained
polyhedral (Fig. 2a and b). As shown in Fig. 2c and d, for the
thick-shell sample MC-1, the flakes of COFs were stacked into a
spherical shell, and the thickness of this shell was about
200 nm. To clearly observe the core-shell structure, energy
dispersive X-ray spectroscopy (EDX) was used to map the
distributions of the different elements in MC-3 (Fig. 2e) and
MC-1 (Fig. 2f). As can be seen from the HAADF-STEM images,
there is sharp boundary between the core and the shell of the
material. The elemental mapping showed that C, N, O, and
Zr were distributed homogeneously throughout individual par-
ticles, which further verifies the core-shell structure.

The nitrogen adsorption-desorption isotherms and Barrett-
Joyner-Halenda (BJH) pore-size distributions of UiO-67 and
TAPB-DMTP-COFs are shown in Fig. S4 (ESIt). UiO-67 exhibits
a typical microporous structure with a pore size center at
1.8 nm; TAPB-DMTP-COFs show a typical mesoporous struc-
ture with a pore size center at 2.3 nm and 3.9 nm. As expected,
the core-shell MOF@COFs combine the microporous structure
of Ui0-67 with the mesoporous structure of the TAPB-DMTP-
COFs. The adsorption-desorption isotherms of MC-x (x = 1, 3)
exhibit the typical characteristics of both micro- and meso-
porosity (Fig. 3a and b). The specific Brunauer-Emmett-Teller
(BET) surface areas of MC-1 and MC-3 were 1040 m” g~ " and
1181 m* g, and the total pore volumes were 0.62 cm® g~' and
1.05 cm® g, respectively. In addition, the BJH pore-size
distribution profiles (Fig. 3¢ and d) indicate that both samples
possessed two distinct sizes of pore: MC-1 had micropores
centered at 1.7 nm and there were two mesopore peaks at
2.3 nm and 3.5 nm; MC-3 exhibited a micropore size of 1.8 nm
and had two mesopore peaks centered at 2.3 nm and 3.6 nm.
When imidazole was loaded, the BET specific surface areas of
Im@MC-11, Im@MC-12, In@MC-31, and Im@MC-32 decreased
sharply to 14.0 m* ¢, 10.0 m* ¢~ ", 10.0 m* g ', and 6.7 m* g,
and their total pore volumes decreased to 0.07 cm® g %,
0.07 ecm® g%, 0.07 em® g7*, and 0.09 em® g, respectively.
There were also no obvious peaks in the pore-size distribu-
tion curves (Fig. 3c and d), indicating that the imidazole
molecules fully occupied the pore spaces of the materials.
The detailed adsorption data of the materials are given in
Table S1 (ESIY).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM images of core—shell MC-3 (a and b) and MC-1 (c and d); HAADF-STEM images and corresponding element maps of core—shell MC-3 (e)

and MC-1 (f).
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The thermal stability of the samples and the contents of
imidazole loading were determined using thermogravimetric
analysis (TGA) (Fig. 4). The TGA results of the core-shell MC-1
and MC-3 materials without imidazole loading showed a slow
mass loss before 500 °C, which was due to the evaporation of
water and excess solvent from the materials. There was an
obvious mass loss between 500 °C and 600 °C (where the mass
loss values were 19.2% for MC-1 and 21.7% for MC-3), which
was attributed to the destruction of the MC-1 and MC-3 frame-
works. The thermogravimetric curves of In@MC-11, In@MC-
12, Im@MC-31, and Im@MC-32 show that the mass loss can be
divided into two main stages. The first temperature range is
136-245 °C, which includes the mass loss caused by thermal
release of the imidazole molecules from the pores of the
materials. We confirmed that the mass loss in this temperature
range can be regarded as the mass content of imidazole occu-
pying the pores. The relative imidazole content of In@MC-11,
Im@MC-12, In@MC-31, and Im@MC-32 was 44.2%, 45.4%,
45.1%, and 63.6%, respectively. The mass loss in the second
stage occurred between 500 °C and 600 °C, which is similar to
the curves for MC-1 and MC-3. This mass loss is mainly caused
by the collapse of the frameworks, which also shows that the
introduction of imidazole will not change the original frame-
works of the MOF@COF materials.

Alternating current (AC) impedance spectroscopy was used
to analyze the proton-conduction behavior of the materials in
an anhydrous environment. As shown in Fig. 5 and Fig. S5-S7
(ESIT), the impedance spectra of all the imidazole-loaded
samples show a semicircular shape in the high-frequency
range, which denotes a typical ion-conduction process. Among
these, In@MC-32 exhibits a proton conductivity of 1.14 x
107> S em™ ! at 50 °C. With increasing temperature, the con-
ductivity increases rapidly and reaches 1.40 x 107> S cm " at
120 °C; this is much higher than the reported conductivities of
MOF- and COF-based proton-conductive materials, as shown in
Table S2 (ESIT). Notably, this impressive proton conductivity
exceeds the state-of-the-art imidazole-loaded MOFs (UiO-67) of
1.44 x 107> S em™ ' at 120 °C under anhydrous conditions.*’
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—— Im@MC-32

100 ~
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o
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Temperature C

Fig. 4 Thermogravimetric curves of the samples under an N
atmosphere.
8652 | Mater. Adv,, 2022, 3, 8647-8655

View Article Online

Materials Advances

Moreover, the conductivity is much higher than that of
imidazole-loaded TAPB-DMTP-COF (4.49 x 107> S ecm ' at
120 °C), as shown in Fig S8 (ESIt). The growth of the TAPB-
DMTP-COFs on the surface of UiO-67 and the formation of
micro-/mesoporous heterogeneous channels accounts for the
improved proton conductivities of the materials. Within
the measured temperature range, no signals were observed
for UiO-67@TAPB-DMTP-COFs in AC impedance measurements,
which indicates that the proton conductivity of the host frame-
works is negligible. This means that the proton conductivity of
the material comes from the imidazole in the UiO-67@TAPB-
DMTP-COFs. These results show that the proton conductivity
can be significantly optimized by coating a COF shell with an
appropriate thickness onto the surface of a MOF. Even when
the amount of imidazole loaded onto the framework is low
(45.1%), Im@MC-31 also showed a high conductivity of
3.6 x 107> S em™ " at 120 °C. When the shell thickness of the
core-shell structure was increased to about 200 nm, the conduc-
tivity of Im@MC-11 was found to decrease to 1.1 x 10 > Scm ™ ' at
120 °C.

The proton conductivity can be described using the formula
o(T) = > niqiu;, where n; is the number of carriers, ¢; is the
charge of the carriers, and y; is the mobility of the carriers. The
mobility y; is related to the proton transfer activation energy
E via the equation p; = o exp(—E/kgT), meaning that a low
activation energy E leads to a high mobility and conductivity.
Due to its dense accumulation, the mobility yx; of solid imida-
zole is very low and there is no obvious proton conductivity
(~107% S em™").*" The turnover of imidazole molecules in the
confined space leads to the breaking and rearrangement of
hydrogen bonds. The porous channels provide a path of low
activation energy for proton hopping and improve the proton
mobility. As shown in Fig. 6a, UiO-67 has two types of micro-
pores: tetrahedral cages (@ 11.5 A) and octahedral cages
(® 18 A), where each octahedral cage is face shared with 8
tetrahedral cages and edge shared with 8 additional octahedral
pores in its cubic framework.'*> For TAPB-DMTP-COFs (Fig. 6b),
the stacking structure ensures the formation of one-dimensional
(1D) mesopores with a uniform mesoscopic size (32.6 A) and
hexagonal alignment.”>" The combination of two types of pores
constructs a heterogeneous micro-/mesoporous channel across
the core-shell interface of the UiO-67@TAPB-DMTP-COFs. The
imidazole molecule, which has a size of 4.3 A x 3.7 A, is
suitable for loading into these composite pores (Fig. 6¢). Our
results indicate that the formation of heterogeneous micro-/
mesopores is a feasible means of rationally designing proton-
conductive porous materials. The synergism of different com-
ponents in the UiO-67@TAPB-DMTP-COF composites is of
great significance for improving their proton conduction. The
enhancement of the heterogeneous channel is manifold: due to
the synergistic effects of the different components of MOFs and
COFs, MOF@COF hybridization can improve the chemical
stability and ability to transfer proton carriers, which enhance
the loading of proton carriers and facilitate the reorganiza-
tion of hydrogen bonds; a continuous hydrogen-bonding net-
work of imidazole along the heterogeneous channel lowers the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 AC impedance spectra of Im@MC-32 at different temperatures (a—c), and Arrhenius curves of the samples (d). The inset of (d) shows a

comparison of the conductivity of the samples at different temperatures.
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Fig. 6 Tetrahedral and octahedral pores of UiO-67 (a); pore structure of the TAPB-DMTP-COF (b); graphic representation of imidazole molecules in the

complex channels (c); and schematic illustration of the proton-hopping mechanism (d).
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activation energy that facilitates proton transport and improves
the conductivity.

On the basis of the temperature-dependent conductivity
profiles (Fig. 5d), the activation energy E for the proton con-
duction of the Im@UiO-67@TAPB-DMTP-COFs was calculated.
The samples exhibited a slope change and two activation
energies were determined within the temperature range from
50 to 130 °C. At higher temperatures (>80 °C), the activation
energy of In@MC-11, In@MC-12, Im@MC-31 and Im@MC-32
is 0.14, 0.07, 0.08 and 0.12 eV, respectively, clearly smaller than
for the reported anhydrous imidazole-loaded materials
(Table S2, ESIf). The ultra-low activation energy reflects a
super-ionic phase transition in the conductor at higher tem-
peratures and follows a Grotthuss hopping mechanism for
proton conduction.?*® According to the Grotthuss mecha-
nism, protons are conducted through intermolecular hydrogen
bonds. The transfer of protons between heterocyclic molecules
is achieved through the continuous breaking and recombina-
tion of the intermolecular hydrogen-bond network. Herein, the
heterogeneous channel is favorable for the flipping and cross-
over of confined imidazole, and provides a dynamic environ-
ment for recombination of the hydrogen-bond network.
As shown in Fig. 6d, protons are transferred along N-H---N
hydrogen bonds in a hopping manner between imidazole
molecules. In the process of proton transfer, the continuous
recombination of hydrogen bonds is realized through rotation
of the imidazole molecules. Due to the relatively small rotation
energy between imidazole molecules, the activation energy
required for proton transfer is very low.

8654 | Mater. Adv., 2022, 3, 8647-8655

The number and intensity of intermolecular hydrogen-bond
networks are the main factors that affect the proton-transfer
rate;”” the mobility of protons is expected to become higher and
the conduction will increase with the increase in the number
and strength of intermolecular hydrogen-bond networks. Here,
the imine linker in the COF increases the hydrogen-bonding
donation ability of imidazole due to the formation of the hetero-
geneous channel structure. When the imidazole molecules pass
through the heterogeneous interface from UiO-67 to the TAPB-
DMTP-COF, as shown in Fig. 7a, the N on the imine linker of the
COF ligands forms a hydrogen bond (N-H- - -N) with the H of the
imidazole along the channel, which expands the hydrogen bond-
network and facilitates the organization of imidazole and further
promotes the hopping of protons. The formation of N-H---N
hydrogen bonds between imidazole and TAPB-DMTP-COFs was
confirmed via FTIR measurements (Fig. 7b). The N-C stretching
bond in TAPB-DMTP-COFs was shifted to a lower wavenumber and
its absorption intensity was also enhanced upon imidazole loading
due to the hydrogen bonding between the COF and imidazole.

4. Conclusion

In summary, imidazole was successfully loaded into a core-shell
MOF®@COFs to prepare a super-ionic conductor. The proton-
transport process in the micro-/mesoporous heterogeneous
channels was systematically studied. In an anhydrous environ-
ment, the proton conductivity of the imidazole@UiO-67@
TAPB-DMTP-COF composite was found to exceed 10 2 § cm ™!

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00580h

Open Access Article. Published on 30 2022. Downloaded on 03.11.25 0:57:04.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

at 120 °C, and it has an ultra-low activation energy. This
outstanding proton conductivity benefits from the unique
hierarchical heterogeneous channels of the core-shell MOF@-
COF complexes. The turnover of restricted imidazole in the
channels leads to the breaking and rearrangement of hydrogen
bonds, and the conductive behavior of protons follows the
Grotthuss mechanism. The optimization of proton migration
due to the expansion and enhancement of the hydrogen-bond
network across the heterogeneous channels of MOF@COFs
accounts for the observed remarkable conductivity. Our results
reveal the potential of heterogeneous micro-/mesoporous com-
posites as a platform for super-proton conduction, which is of
great significance to its application in fuel cells.
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