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ABSTRACT. There is a synergy between coordination chemistry and supramolecular chemistry
that has led to the development of innovative hierarchical composites with diverse functionalities.
Here, we present a novel approach for the synthesis and characterization of Metal-Organic
Framework on Fullerene (MOFOF) composites, achieved through the integration of coordination
chemistry and supramolecular chemistry principles. The hierarchical nature of MOFOF harnesses
the inherent properties of metal-organic frameworks and fullerenes. The two-step synthesis
procedure involves controlled assembly of fullerenes as tube-like nanostructures (fullerene
nanotube: FNT), their surface functionalization, and on-surface growth of MOF (in this case, ZIF-
67). The method permits precise tuning of morphology, effective distribution of MOF-on-FNT,
and tight compositional control. The materials were comprehensively structurally characterized
using electron microscopy, spectroscopic techniques, and other methods to elucidate the unique
features and interactions within the MOFOF composites. The main findings reveal that the novel
synthesis and characterization of MOFOF composites demonstrate the successful integration of
coordination chemistry and supramolecular chemistry for the designing and fabricating advanced
hierarchical composites with tailored properties, including micro- and mesopores channels,
interfacial facets, and defect sites. These properties are expected to lead to numerous potential
applications, such as gas storage and separation, catalysis, sensing, energy storage, and
environmental remediation. However, only the capability of acid vapor sensing was tested and

described here.
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INTRODUCTION
Metal-organic frameworks (MOFs) have emerged as a class of crystalline porous materials
composed of metal ions or clusters connected by organic ligands.!” They offer remarkable
properties based on a network of interconnected pores and channels that establish large surface
area, tunable porosity, and exceptional structural diversity. These attributes render MOFs
promising candidates for various applications, including adsorption,>* gas storage,’ separation,®
and sensing.” However, MOFs often encounter limitations such as low stability, poor selectivity,
diffusion constraints, lack of active sites, and limited conductivity. By incorporating MOFs into
composites with other substances, these properties can be enhanced, leading to improved
functionalities and new applications. These properties can be further enhanced, leading to
improved functionalities and new applications over the MOFs.*!2 To date, several types of MOF
composites, including polymer-MOFs,'*"'4 nanoparticle-MOFs,'> MOF-membranes,'® and MOF-
carbon composites,'” are available. These MOF composites have gained significant attention due
to their tunable properties and versatile applications.!*??> However, challenges and limitations
remain in fabricating MOF composites that exhibit strong interactions with additional components,
high stability, uniform coatings, maintaining structural integrity, and well-controlled morphology.
Ongoing research addressing these challenges and limitations to create novel composites with
enhanced functionalities focuses on exploringcombinations of MOFs with other materials.
Nanoarchitectonics involves the controlled assembly of nanoscale building blocks to create
functional materials with tailored properties.?*?> Fullerene nanoarchitectonics refers to the design,
synthesis, and manipulation of nanostructures based on fullerene molecules.?®?’ Fullerene is a
unique carbon allotrope with a hollow spherical structure that exhibits intriguing electronic

properties and chemical reactivity, making it an intriguing component for composite materials. As



a consequence, the combination of fullerene nanoarchitectonics with MOFs could lead to the
development of advanced composites with unique properties and functionalities by the integration
of coordination chemistry and supramolecular chemistry. Pristine fullerenes such as Cgo and Cro
can be obtained in various nanocrystalline morphologies by using interfacial self-assembly based
on the varying solubilities of fullerenes in different solvents. Although this methodology, also
referred to as liquid-liquid interfacial precipitation (LLIP), is simple, modification of solvent
combinations or precipitation conditions can be used to prepare fullerenes in a wide range of
crystal forms including spheres,?® rods,?’ whiskers,*® tubes,*! cubes,*?** two-dimensional sheets,**
amongst others.>>*¢ Synthetically modified fullerenes can also be assembled into more exotic
forms such as cell-like spherical vesicular structures,’” and exhibit shape-shifting behavior.*® In
contrast to MOF-composites based on carbon nanomaterials such as carbon nanotubes (CNT) or
graphene oxide (GO) which have specific morphologies,***! the chemical surface modification of
fullerene nanostructures and their incorporation into MOF-composites has not been investigated
despite its large potential for the development of shape-controlled materials having tailored
compositions.

To date, the MOF-fullerene composites have generally been prepared by encapsulation and
confinement of fullerene guests at the interiors of MOF pores.***” However, the alternative
approach of embedding MOFs into surface-modified fullerene nanostructures has yet to be
achieved. MOF composites with carbon nanomaterials (e.g., CNT, GO, and rGO.) often lack
morphological integrity, suffer from uneven dispersion, and fail to maintain robust attachment.
Therefore, preparing MOF-on-fullerene (MOFOF) composites will not only establish a new class

of morphology controlled composite materials but will also offer nanoarchitecture-controlled



composites with prospects in a range of advanced technological applications including gas storage
and separation, catalysis, sensing, energy storage, and environmental applications.

In this paper, we focus on the synthesis, and characterization of MOFOF composites by the
strategic integration of coordination chemistry and supramolecular chemistry principles. By
judiciously combining these two fields, we aim to harness the complementary attributes of MOFs
and fullerenes, thereby enabling precise control over the hierarchical structure and functional
properties of the resulting composites. Typically, ZIF-67 and fullerene nanotubes (FNT) were
chosen as representative MOF and fullerene nanostructure, respectively, to design and synthesize
the MOFOF composite. ZIF-67 was selected because it can be easily synthesized at room
temperature and features abundant active sites, unsaturated metal coordination sites, and
micropores. Meanwhile, FNT is sufficiently large to accommodate nanosized ZIF-67 on its surface
and within its cavities. A two-step method was developed to synthesize the MOFOF composites
with varying compositions or different FNT and ZIF-67 ratios, e.g., Co?"/Ceo ratios of 0.5, 1.0, 1.5,
and 2.0 which were named MOFOF-0.5, MOFOF-1.0, MOFOF-1.5 and MOFOF-2.0, respectively.
MOFOF holds the potential to revolutionize gas sensing technologies, particularly in the detection
of acidic vapors. The synergistic interaction between the porous framework of MOFs and the
electron-rich surface of fullerenes offers enhanced adsorption capacities and rapid response times,

contributing to superior sensor performance.

EXPERIMENTAL SECTION

Materials. Pristine fullerene Ceo (pCoo: 99.9%) was procured from BBS Chemicals, USA.
Methanol (99.7%), triethylamine (TEA), mesitylene (99.8%), nitric acid (HNO3:65%), sulfuric

acid (H2SO4: 98%) were obtained from Wako Chemical Corporation, Tokyo, Japan. Cobalt nitrate



hexahydrate (Co(NO3)2:6H20: 99%), and methylimidazole (Mim: 99.8%) were obtained from
Tokyo Chemical Industry Co., Ltd., Japan.

Synthesis of FNT. Self-assembled FNT crystals were prepared following the commonly used
LLIP method using mesitylene as the ‘good’ solvent and methanol as the ‘bad’ solvent. The
assembly of fullerene into FNT generally driven by the molecular interactions and self-
organization tendencies of the fullerene molecules where the inherent curvature of the fullerene
structure along with solvent composition, treatment conditions, and temperature influence the
assembly process to form the tubular structures. Solutions of pCeo in mesitylene (1.0 mg/mL) were
prepared by dissolving the pCso powder applying sonication for 1 h. Undissolved Cso was removed
by filtration. Methanol (90 mL) was rapidly added into a 150 mL glass vial containing freshly
prepared pCeso solution in mesitylene (30 mL) and the resulting mixture shaken vigorously by hand
for about 5 s, then incubated at 25 °C for 2 h without external mechanical disturbances. The
precipitate was separated by centrifugation followed by washing with methanol three times then
dried at 80 °C under reduced pressure for 6 h.

Surface modification of FNT. For the surface modification of the FNT, we aimed to ensure that
the functionalization process was efficient and did not compromise the structural integrity of the
FNTs. We precisely controlled the ratio of oxidizing agents (H2SO4/HNO3), sonication/reaction
time, and temperature to prevent potential over-oxidation or structural degradation during the
functionalization process. The modification/oxidation of FNT was carried out by simple sonication
of the as-synthesized FNT in a mixture of concentrated HNO3z and H>SO4 (1/1 v/v ratio). Typically,
FNT (100 mg) was added to concentrated HNO3/H2SO4 (10 mL). The mixture was sonicated for

20 min, separated by centrifugation, washed with water (until washings reach pH ~7), and dried



under reduced pressure at 80 °C for 12 h. The dried acid treated or oxidized FNT (FNTox) was
used to synthesize the MOFOF composites.

Synthesis of MOFOFs. In the synthesis of the MOFOF composites, specific conditions were
carefully selected to optimize the quality and functionality of the resulting materials. The method
for MOFOF synthesis involves in-situ growth of ZIF-67 onto FNTox at room temperature under
ultrasonication. The synthesis temperature of 25 °C (or room temperature) and non-continuous
sonication and hand shaking (~10 sec) at 1 min intervals was selected to facilitate the controlled
growth of the ZIF-67 crystals on the FNTox surface without causing degradation of the fullerene
structure. Separate Co(NO3)2:6H>0O (2 mM; 10 mL) and ligand-modulator (Mim + TEA; 16 mM
each; 10 mL) solutions were prepared in water. First, the Co** solution was added into a dispersion
of FNTox (100 mg/mL) in water. The slurry was held under sonication for 5 min with shaking by
hand (~10 sec) at 1 min intervals. Mim + TEA solution was then added rapidly, and the same
sonication/shaking regime continued for an additional 15 min. The resulting purple-brown solid
was collected by centrifugation then washed with water, methanol (three times), and dried at 80 °C
for 12 h under reduced pressure. The composition (MOF : FNT.y: or Co?" : Ceo) of the MOFOF
composites was varied by varying the quantity of FNTox used. MOFOF composites with varying
Co?*/Ceo ratios (e.g., 0.5, 1.0, 1.5, and 2.0) are respectively referred to in this work as MOFOF-
0.5, MOFOF-1.0, MOFOF-1.5 and MOFOF-2.0.

Materials Characterization. MOFOF composites were characterized using scanning electron
microscopy (SEM, operated at 10 kV, Hitachi S-4800, Tokyo, Japan), scanning transmission
electron microscopy (STEM, operated at 30 kV, Hitachi S-4800, Tokyo, Japan), powder X-ray
diffraction (PXRD, operated at 40 kV, Cu-Ka radiation (A =0.1541 nm) RINT2000 diffractometer,

Rigaku, Tokyo, Japan), Fourier transform infrared (FT-IR) spectroscopy (ATR-FTIR, Nexus 670,



Tokyo, Japan), Raman scattering (NRS-3100 Raman spectrophotometer, JASCO, Tokyo, Japan),
and X-ray photoelectron spectroscopy (XPS; Thermo Electron Co. Karlsruhe, Germany,
monochromatic Al-Ka radiation of photon energy 15 keV). Nitrogen sorption isotherms were
recorded at 77 K (Quantachrome Autosorb-1, Boynton Beach, Florida, USA). Samples for electron
microscopy were prepared by dropping suspensions of the samples in isopropyl alcohol onto

carbon-coated copper grids followed by drying under reduced pressure at 70 °C.

Vapor Sensing using Quartz Crystal Microbalance (QCM). The QCM technique was
employed to investigate the vapor sensing properties of the materials. The frequency shift was
monitored using a QCM equipped with a Au-resonator coated with the tested materials during
exposure to organic vapors. A QCM resonance frequency of 9 MHz (AT-cut) was used. The
frequency stability of the QCM electrode was +2 Hz in air during a 10 min period. The QCM
sensor electrode was prepared by drop-casting of a freshly prepared slurry (2 puL) of the test
material in IPA (1 mg/l mL; sonicated for 30 s prior to drop-casting). The resulting modified
electrodes were dried at 70 °C for 5 h under reduced pressure. The Au electrode was then connected
to the QCM instrument and exposed to different volatile organic solvents (10 mL) in an open
container at room temperature placed inside the QCM chamber. The QCM chamber was sealed
prior to measurement to maintain a saturated vapor atmosphere throughout the QCM frequency
monitoring experiment. The chamber was opened when the frequency shift reached equilibrium

for the desorption of the vapors.

RESULTS
Synthesis and characterization of MOFOF composites. Figure 1 shows scanning electron

micrographs (SEM) of FNT, FNT.x, and MOFOFs with different compositions. MOFOF samples



were obtained by the in-situ growth of ZIF-67 (a typical MOF) onto the surface-modified FNT at
room temperature under ultrasonication. Morphological stability of the FNT (Figures 1a,b) under

strong acidic conditions (HNO3/H2SO4 (1:1 v/v)) is assumed based on the intact morphology of

the FNTox (Figures 1c,d).

Figure 1. Scanning Electron Microscope (SEM) images depicting the surface morphology of
various samples: (a, b) FNT (as synthesized); (c, d) FNTox (acid treated); (e, ) MOFOF-0.5
(Co**/Ceo ratios = 0.5); (g, h) MOFOF-1.0 (Co**/Ceo ratios = 1.0); (i, j) MOFOF-1.5 (Co*"/Ceo

ratios = 1.5); and (k, 1) MOFOF-2.0 (Co?*"/Ceo ratios = 2.0).

The FNT morphology was maintained with only minor decomposition even following the
growth of ZIF-67 crystals onto the surface of the FNTox. SEM images (Figures 1e-11) of the newly
prepared MOFOF composites indicate that ZIF-67 particles grow only at the surfaces of FNTox
with no non-attached particles visible, indicating robust attachment and homogeneous distribution.
The uniform distribution of ZIF-67 particles on the FNTox surfaces and at their interiors is
significant for the composite's functional properties, as it ensures maximum surface area and

accessibility for various (e.g., catalytic or adsorptive) interactions. Predictably, the quantity of ZIF-



67 particles varies according to the increasing ratio of ZIF-67 precursors. ZIF-67 particles at the
exterior of FNT,x, especially for MOFOF-2.0, indicate that there is an optimum Co**/Cgo ratio (i.e.,
Co?"/Ce0: 1/1) for successful in-situ incorporation of ZIF-67 on the FNTo in the MOFOF
composites.

STEM images of FNT (Figure 2a), FNTox (Figure 2b), ZIF-67 (Figure 2¢), and MOFOF-
1.0 (selected as a representative MOFOF; Figure 2d) that clearly shows the intact tube
morphology and smooth surface after acid treatment, and in-situ decoration by ZIF-67. TEM and
HR-TEM images reveal the uniform distribution of ZIF-67 particles (Figures 2e,f) on the FNTox
as well as ZIF-67 particles contained at the cavity interiors. This uniform distribution and stable
attachment of ZIF-67 particles are crucial for the functional properties of the composites, as it

facilitates enhanced interactions with target molecules, leading to high efficiency in applications,

especially in hazardous gas sensing.

Figure 2. Scanning Transmission Electron Microscopy (STEM) images of (a) FNT, (b) FNTx, (c)
pZIF-67 and (d) MOFOF-1.0. Transmission Electron Microscopy (TEM) (e) and (TEM) and High-

Resolution TEM (HR-TEM) (f) image of MOFOF-1.0.
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Figure 3a shows the PXRD patterns of the representative MOFOF (MOFOF-1.0), ZIF-67,
FNT, and FNTox. There is no variation in the bulk crystal phase structure of FNT and FNTox even
after acid treatment. Additional peaks appearing in the PXRD pattern of the MOFOF-1.0 are
assigned as being due to ZIF-67 (assignment is highlighted with dotted lines in the XRD patterns;

Figure 3a).
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Figure 3. Physical characterization of the materials FNT, FNTox, MOFOF-1.0 and pZIF-67. (a)
Powder XRD patterns, (b) FTIR spectra, (¢) Raman spectra, and (d) thermogravimetric analyses

(FNTox and MOFOF-1.0 only).

PXRD peaks corresponding to ZIF-67 in MOFOF-1.0 are further assigned by comparison
with the simulated XRD pattern of ZIF-67. Figure 3b shows FTIR spectra of MOFOF-1.0, ZIF-
67, FNT, and FNTox. The spectrum of FNTox has obvious stretching bands at 1070, 1362, and 1636
cm! originating from C-O (str.), and C-OH (str.), and C=0O (str.), respectively*® due to oxidation
or oxy-functionalization at the surfaces of FNT. The FTIR spectrum of the MOFOF-1.0 sample

contains additional peaks at 1578 and 1305 cm™! due to C=N (str.) and C-C (str.), respectively, of
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the imidazole ring of ZIF-67.*° Figure 3¢ shows the Raman spectrum of MOFOF-1.0, ZIF-67,
FNT, and FNT-ox. Except for a slight broadening of peaks, there are no obvious spectral changes
caused by converting FNT to FNTox. The spectrum of MOFOF-1.0 contains a peak at ~689 cm™!
that corresponds to the Co-N bond of ZIF-67 further confirming that MOFOF-1.0 is comprised
essentially of MOF and FNTox. Thermogravimetric analyses of MOFOF-1.0 and FNTox (Figure
3d) reveal that FNTox undergoes two weight losses at 190 °C (probably desorption of solvent) and
700 °C (decomposition). MOFOF-1.0 undergoes similar weight losses for solvent and fullerene
decomposition but with an additional loss due to ZIF-67 decomposition, which occurs at a
somewhat higher temperature (550 °C) than pristine ZIF-67 (~425 °C)** perhaps due to stabilizing
effects of additional ligating groups on FNTox.

Figure 4 shows X-ray photoelectron spectroscopy (XPS) analysis of FNT,x and MOFOF-
1.0. The XPS survey spectra (Figure 4a) indicate that both are composed of carbon with partial
surface oxidation but MOFOF-1.0 has additional peaks corresponding to cobalt- and nitrogen-

containing species originating from ZIF-67.
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Figure 4. XPS analyses of FNTox and MOFOF-1.0. (a) XPS survey spectra of FNT-ox and

MOFOF-1.0, (b) C 1s core level XPS spectra with the deconvoluted peaks for FNTox, and
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MOFOF-1.0, (c) corresponding O 1s spectra with the deconvoluted peaks, (d) Co 2p spectrum

with peak fittings for MOFOF-1.0, and (e) the corresponding N 1s spectrum with peak fittings.

Elemental composition of MOFOF-1.0 were calculated from XPS spectra at 78.3 (carbon),
14.8 (oxygen), 1.0 (nitrogen), and 5.9 (cobalt) atom%. FNTox contains 83.8 % carbon and 16.2 %
oxygen with high oxygen contents in the tested materials originating largely from surface oxidation
of the FNT by the strong acid mixture. The deconvoluted C 1s spectrum of the FNTox contains
peaks at 284.9, 286.4, and 289.7 eV due to C=C (sp?), C-C/C-O (sp’), and COs* bonding states of
carbon with a slight shift from the oxidized pCeo (Figure 4b; bottom).* The O 1s spectrum of
FNTox was deconvoluted as two peaks centered at 532.5 and 533.6 eV assigned to C—OH, and
C—-0O—-C bonding states of the oxidized surface also with a slight shift relative to pCeo (Figure 4c;
bottom).*® The C 1s spectrum of MOFOF-1.0 was deconvoluted as three peaks centered at 285.0,
286.2, and 287.0 eV corresponding to C=C (sp?), C-C/C-O (sp®), and C-N bonding states,
respectively (Figure 4b; bottom). Peaks in the O 1s spectrum at 532.5 eV and 533.8 eV are
assigned to C-OH and C-O-C bonding states (Figure 4c; top). For Cozp, there is mainly a Co-Ny
bonding state at 781.1 eV accompanied by a satellite peak at 785.4 eV and a low intense peak at
the binding energy of 778.4 eV corresponding to Co-Nx (x < 4) (Figure 4d).>! Co-N, C-N and
C=N bonds appear in the N 1s spectrum of the MOFOF-1.0 respectively at 400.0 eV, 401.0 eV,
and 401.9 eV (Figure 4e).

Figure 5a shows the nitrogen adsorption-desorption isotherms of FNTox and MOFOFs.
The nitrogen adsorption-desorption isotherms were recorded at liquid nitrogen temperature (77 K)
following sample annealing for 24 h at 120 °C. Isotherms obtained for MOFOQOFs are all Type I and

FNTox exhibits Type IV behavior, i.e., MOFOFs are microporous and specific surface area

13



increases with increasing ZIF-67 content. FNTx is essentially non-porous. Pore size distribution

analysis results obtained by DFT (Figure Sb) and BJH (Figure Sc) methods are summarized in

Table 1.
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Figure 5. Textural properties of FNTox, MOFOFs, and pZIF-67 and their components. (a) Nitrogen

adsorption-desorption isotherms, pore size distributions curves using (b) the DFT method and (c)

the BJH method.

Table 1. Surface area and porosity properties of FNTox, MOFOFs and pZIF-67.

SBET Smicro Vmicro Vp Dp Wp
Sample
(m?/g) (m*/g) (cm’/g)  (em¥g)  (nm) (nm)
FNTox 36.9 18.0 0.050 0.118 1.63 1.38
MOFOF-0.5 199.3 44.5 0.094 0.19 1.94 1.94
MOFOF-1.0 306.6 279.6 0.281 0.658 1.94 0.45
MOFOF-1.5 405.3 331.3 0.321 0.638 1.55 0.45

14



MOFOF-2.0 543.9 469.4 0.408 0.611 1.55 0.51

pZIF-67 744.7 614.9 0.423 0.535 1.54 0.54

Sser = BET surface area, Smicro = micropore surface area, Vmicro = micropore volume, ¥}, = total
pore volume, D, = average pore diameter obtained from the BJH analysis, and W, = average

half pore width obtained from the DFT model.

Sensing of organic vapors by Quartz Crystal Microbalance. Figure 6 presents the vapor
sensing properties of the MOFOF composites, ZIF-67, and FNT samples obtained using the QCM
technique. Figure 6a shows the time-dependent frequency shifts (Af) to the QCM electrodes
modified with MOFOF composites, ZIF-67, and FNT samples upon exposure to formic acid (FA)
vapor. Generally, rapid frequency shifts are observed upon exposure to FA with a return almost to
the initial frequency state when FA vapor is removed from the QCM sensing chamber.
Interestingly, for MOFOFs the frequency shift curve does not return to the initial frequency state
following cessation of acid vapor exposure (Figure 6a), although the frequency curves of sensors
prepared from pristine ZIF-67 and FNT materials return rapidly to their starting states after
exposure to air. Figure 6d shows the sensing properties of the QCM sensor modified with
MOFOF-1.0 for a wide range of VOCs where sensitivity/selectivity follows the order formic acid

> acetic acid > toluene > benzene > cyclohexane > hexane > pyridine > acetone > aniline.
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Figure 6. Vapor sensing performance of MOFOFs. (a) QCM frequency shifts (Af) upon exposure
of QCM electrodes modified with FNT, FNTox, ZIF-67, MOFOF-0.5, MOFOF-1.0, MOFOF-1.5
and MOFOF-2.0 to formic acid vapor. (b) Relative sensing performance of formic acid vapor by
the different materials. (¢) Reproducibility test upon alternating exposure and removal of formic
acid vapor. (d) Relative sensing performance for various organic volatile vapors over the MOFOF-

1.0.

DISCUSSION

Preparation and Characterization. MOFOF composites with different compositions were
obtained by a two-step in-situ method involving the growth of ZIF-67 crystals on surface-modified
FNT at room temperature under ultrasonication for ~15 min. The successful fabrication of the
MOFOF composites with varying Co**/Ceo ratios (e.g. 0.5, 1.0, 1.5, and 2.0) was confirmed using
various characterization techniques. ZIF-67-decorated FNTs are 4 — 5 um long with diameters in
the range 600 — 700 nm with open voids (~500 nm) at their interiors suitable to accommodate

polyhedral ZIF-67 crystals in the 50 — 100 nm range. The precise distribution and interconnection
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of ZIF-67 particles at the interior/exterior surfaces of FNT can be controlled by controlling the
precursor ratio, and the novel MOF-on-fullerene (MOFOF) composite can be rapidly obtained in
high yield under ambient reaction conditions. The higher Co?"/Ceo ratio leads to the formation of
unexpected out surface growth of ZIF-67 particles (e.g., MOFOF-2.0) due to the rapid
nucleation/crystallization of ZIF-67 crystals at higher precursor concentration. This is the first
example of the direct growth of MOF particles onto a fullerene nanostructure. MOF (here ZIF-67)
crystals nucleate at the oxidized surfaces of FNT promoting the on-surface growth of ZIF-67
crystals and maintaining connectivity of the two components.

The interaction between the fullerene nanotubes (FNTox) and the metal-organic framework
(MOF) is primarily assumed to be non-covalent. Since the Co?* solution was added first, followed
by the ligand solution, the FNTox enriched with electronegative charges initially interacted with
the Co?" ions. Once the ligand was added, it coordinated with the metal ions to form ZIF-67.
Therefore, the electrostatic interaction between the positively charged Co?" and the negatively
charged FNTx, as well as the n-m interactions with the imidazole linkers of the MOF, facilitated a
strong attachment of the MOF on the FNT surface.

Morphological analyses reveal the successful incorporation and uniform distribution of
ZIF-67 crystals (Figure 1 and Figure 2) throughout the MOFOFs, and PXRD and Raman analyses
demonstrate the successful combination of ZIF-67 and FNTox as a well-integrated nanostructure.
The composite also has improved thermal stability over pristine ZIF-67. XPS analysis of the
MOFOF indicates C-N, C=N, and Co-N4 bonding states that further confirm the integration of
ZIF-67 crystals into the FNT nanostructure. The low intensity XPS peak at 778.4 eV corresponds
to Co-Nx (x < 4) indicating trace defect sites of uncoordinated Co(Il) and 2-methyl-imidazole

(basic N-sites) within the ZIF-67 crystals.’! Analysis of the textural properties of MOFOFs
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(Figure 5 and Table 1) indicate a bimodal pore architecture for the composites. Defect sites and
designer pore architectures are essential features to establish interactions with guest molecules in
sensing operations since they promote the close approach and binding of analyte species, in this
case, volatile organic compounds.

Sensing of Organic Vapors. QCM results suggest strong irreversible interactions between the
acidic and basic sites (uncoordinated N-sites) of imidazole ligands contained in ZIF-67 of the
MOFOF nanocomposites, which is beneficial for the adsorption of reactive species such as volatile
organic acids molecules through acid-base interactions. Of the MOFOFs tested, MOFOF-1.0
exhibits superior sensitivity for acid vapors and can be regarded as an optimized MOFOF
nanocomposite for efficient acid vapor sensing. Figure 6c shows a reproducibility test during
alternating exposure and removal of FA. It suggests excellent efficiency of the MOFOF-1.0
modified QCM substrate for FA sensing with excellent repeatability. The high sensitivity and
selectivity of MOFOF-1.0 for acid vapor over other aromatic or neutral VOCs strongly suggests
the operation of a specific chemical reaction such as acid-base interactions>>>* facilitated by the
micro- and mesopores channels, interfacial facets, and defect sites. Of the materials studied here,

MOFOF-1.0 is the most sensitive composite for FA sensing using the QCM technique.

CONCLUSION

A new porous MOFOF composite with uniform distribution of ZIF-67, a typical MOF, grown on
self-assembled FNT,x, was synthesized following a two-step in-situ method. By varying the ratio
of FNT and MOF precursors, in particular the Co®>"/Ceo ratio, the distribution and
interconnectedness of the MOFOF components can be controlled by this simple room temperature

synthesis procedure using a standard ultrasound bath. The resulting MOFOFs possess large
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specific surface areas based on of micro- and mesopore channels, contain defect sites for binding
of guest molecules, and show excellent sensitivity for acid vapor sensing when applied in as QCM
sensing layers. These newly developed MOFOF nanocomposites have attractive structural,
textural, and chemical features and are anticipated to be useful in a wide range of potential
applications beyond the sensing application discussed here. Moreover, the future direction of this
discovery could focus on optimizing the synthesis process (e.g., from in-situ to layer-by-layer) to
further enhance the structural integrity and functional properties of MOFOF composites.
Additionally, exploring integrating other types of MOFs with different fullerene-based
nanostructures may yield composites with tailored functionalities for diverse applications such as

catalysis, gas storage, and environmental remediation.
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