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We have successfully fabricated novel corn-husk-shaped fullerene C60
crystals (CHFCs), molecularly thin nitrogen-doped 2D fullerphene and fullerene rosettes through the
liquid-liquid interfacial precipitation method. Due to the hierarchically porous structures and high

surface area and nitrogen doping these materials showed excellent quartz crystal microbalance (QCM)
sensing results. The CHFCs sensitive to acetic acid vapors. While fullerphene is sensitive to
formic acid over acetic acid in the vapor. Fullerene rosettes are selective to acids against basic
guests (formic acid/pyridine > 30) or aromatic guests (formic acid/toluene > 110), the fullerene
rosette based QCM sensor also showed superior performances. Our results show ultrathin
two-dimensional (2D) nanoporous materials offer enhanced sensitivity and high spatial resolution in
sensing applications making them important for the selective discrimination of guest molecules.
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Air pollution is one of the most widespread and inevitable pollutions of the recently developed
society. Pollutants, such as volatile organic compounds (V OCs) and respirable particulate matter
(PM2.5 and PM 10) diffuse in short/long distances and contaminate environment. Polluted air has
both acute and chronic effects on human health. It ranges from minor upper respiratory irritation
to chronic respiratory, lungs and heart disease. Both indoor and ambient air is contaminated with
toxic VOCs such as toluene due to the use of common household products and smokes. In order
to keep environment or the workplace safe and contamination free, it is necessary to fabricate
novel functional materia sthat can be used for the high efficiency VOC sensors. Various types of
sensors that can detect gaseous species by potentiometric, mixed potential, or amperometry
signals have conventionally been developed. However, piezoelectric devices such as QCM or
quartz crystal microbalance with dissipation (QCM-D) are well-known techniques used in vapor
sensing technology. It was found that sensing materias, its structure-property relation and
stability of the materias play crucial role in sensing both in selectivity and sensitivity. The basic
principle of the sensing relies on the adsorption and physicochemical interactions of the analyte
with sensor material. Adsorption can be enhanced with increasing the porosity of the material and
intrinsic properties of the material contribute to the diffusion kinetics through the host-guest
interactions. Although commercial activated carbons exhibit high surface area (>500 m?/g), due
to mixture of sp%sp® bonded carbonsthey poorly interact with aromatic vapors limiting the sensor
performance. On the other hand, n-electron rich material such as fullerenes can have strong n-nt
interactions with the aromatic vapors, but they suffer from poor surface textura properties
(surface areaand porosity). However, it isyet akey challengeto fabricate hierarchical nanoporous
structure in rt-electron rich carbon material such as fullerenes.

Production of hierarchicaly porous fullerene crystals comprising micro- and mesoporous
architectures for high efficiency VOC sensor materials, which alows higher QCM sensor
response due to easy and free diffusion of aromatic vapors into the nanopores utilizing n-r
interactions between gas phase and sp? bonded n-electron rich carbon frameworks.

Fullerene crystals with different morphology and porous structures were synthesized using a
solution-based strategy based on bottom-up nanotechnology called liquid-liquid interfacial
precipitation (LLIP) method. Both the dynamic LLIPand static LL 1P method were employed. For
example, corn-husk shape fullerene crystals (CHFCs) were synthesized by dynamic LLIP
(DLLIP) method. Typically, a saturated solution of fullerene C60 was prepared by dissolving
excess pC60 powder (60 mg) in mesitylene (50 mL). Undissolved excessive fullerene was
removed by the filtration. Using the DLLIP method, the self-assembled fullerene C60 crystals
were synthesized. Typically, isopropyl acohol (IPA: 5 mL) was quickly added into the freshly
prepared saturated solution of C60 in mesitylene (1 mL: 0.999 mg/mL ), immediately followed by
a vigorous handshaking for about 3 s. The mixture was incubated at 25 °C for 15 min avoiding
any external mechanical disturbances. The CHFCs precipitates were washed with 1PA (5 mL)
three timesto remove the organic solvent and finally separated from the mixture by centrifugation
and dried in a vacuum oven at 70 °C for 3 h.

Similarly, 2D fullerene (Ceo 0r Cr0)-EDA films and fullerphene films were prepared by the liquid-
liquid interfacia self-assembly method under ambient conditions. Pristine Ceo (0r Cro) powder
was dissolved in m-xylene solution assisted by applying ultrasonication for 1 h to obtain Cgo OF
C70 solution (1 mg/mL).EDA (2 mL), fullerene solution (1 mg/mL: 3 mL), and ultrapure water
(3 mL) were added sequentially to aclean, dry 13.5 mL glass bottlefollowed by vigorous agitation
by shaking for about 1 minute and the resulting mixture was stored at room temperature (25 °C)
for 2 h to obtain a microemulsion in the upper organic phase of the mixture, which is stabilized
by the thin fullerene-EDA films. Excess EDA and fullerene in the lower aqueous phase were
removed using a syringe followed by sequential washing with pure water (5 mL x 3) and freeze-
drying overnight in a lyophilizer yielding dried fullerene-EDA films. Fullerphene films were
obtained by the thermal annealing of fullerene-EDA films in a tubular furnace at 700 °C under a



constant flow of nitrogen gas (120 cc/min). The temperature ramp was 5°C/min with a hold time
of 2 h. To prepare macroscopically wide and large area fullerene-EDA film, an aliquot of the
microemulsion (3 uL) was slowly transferred to a liquid-liquid interface between water and m-
xylene, where the ultrathin fullerene-EDA film reassembles to a wide-area multilayered film. The
large area film could be observed visually and could be transferred easily onto a solid substrate
by the scooping method.

Finally, for the synthesis of fullerene rosettes, fullerene Ceo solutions with desired concentrations
(0.5 mg/mL or 1.0 mg/mL) were prepared by dissolving the required amount of pristine Ceo
powder via sonication in m-xylene. Undissolved or excessive full erene was removed by filtration
when necessary. Separately, melamine in ethylenediamine solution (10.0 mg/mL) was also
prepared via dissolving melamine into ethylenediamine by handshaking. The fullerene Ceo self-
assembled rosette crystals were synthesized by following the commonly used liquid-liquid
interphase preci pitation method. A certain amount of isopropy! alcohol was added into aglassvia
(20.0 mL) containing the freshly prepared C60 solution in m-xylene and well-mixed by simple
handshaking for about 5 s. The resulting mixture was then added quickly into mela-mine solution
and immediately hand shaken for about 3 s. The slurry was incubated at 25 °C for 6 h without any
externad mechanical disturbances. The precipitates were separated from the mixture by
centrifugation, followed by washing with isopropyl alcohol (5 mL) and deionized water (5.0 mL)
three times to remove the organic solvents and melamine and finally dried in an oven at 70 °C
under vacuum for 6 h.

TheVOC sensing property of these novel fullerene nanomaterial s was carried out using the QCM
technique. We monitored the frequency shift in the Au-resonator decorated with studied materials
as QCM electrodes that were exposed to different organic vapors by a resonance frequency of 9
MHz (AT-cut). Notably, the stability of the QCM electrode was + 2 Hz in the air for 10 min. The
QCM sensor electrode was modified with our materials by drop casting and then plugged onto
the instrument and then exposed to the studied volatile organic solvents (10 mL in an open
container) at room temperature. The chamber was immediately sealed to minimize the escaping
of vapors and create a saturated vapor atmosphere during the frequency monitoring. Once the
frequency reached equilibrium, the chamber was opened for the desorption of vapors.

» Corn-Husk-Shaped Fullerene Crystals as Excdlent Acid Vapor Sensors

We have successfully fabricated novel corn-husk-shaped fullerene Ceo crystals (CHFCs) through
the dynamic liquid-liquid inter-facial precipitation method. The CHFCswere grown at the liquid-
liquid interface between isopropyl alcohol (IPA) and a saturated solution of C60 in mesitylene
under ambient temperature and pressure conditions. The average length, outer diameter, and inner
diameter of CHFCswere ca 2.88 um, 672 nm, and 473 nm, respectively. X-ray diffraction (XRD)
analysis showed the CHFCs exhibit a mixed face-centered cubic (fcc) and hexagonal -close pack
(hcp) crystal phases with lattice parameters a = 1.425 nm, V = 2.899 nm3 for fcc phase and a =
2.182 nm, ¢ = 0.936 nm, a/c ratio = 2.33, V = 3.859 nm3 for hcp phase. The CHFCs possess
mesoporous structure as confirmed by transmission electron microscopy (TEM) and nitrogen
sorption analysis. The specific surface area and the pore volume were ca. 57.3 m2 g-1, 0.149 cm?®
g?, respectively, are higher than the nonporous pristine fullerene Cso. Quartz crystal microbalance
(QCM) sensing results show the excellent sensing performance CHFCs sensitive to acetic acid
vapors due to the enhanced diffusion via mesoporous architecture and hollow structure of the
CHFCs, demonstrating the potentia of the material for the development of a new sensor system
for diphatic acid vapors sensing.

[Chemosensors 2022, 10, 16. https.//doi.org/10.3390/chemosensors10010016]

» Fullerphene Nanosheets: 2D Material for Single-Carbon-Atom-Level Molecular
Discrimination

We have demonstrated bottom-up fabrication of a novel molecularly thin nitrogen-doped 2D
fullerphene. Thermal annealing at 700 °C of a bottom-up assembled fullerene CG60-
ethylenediamine (EDA) thin film results in formation of a nitrogen-doped ultrathin carbon film,
fullerphene, which exhibits a hierarchically micro/mesoporous structure at its surfaces. N-doping
of fullerphene is dominated by pyrrolic and quaternary nitrogen atoms, which allow selective and
repetitive adsorption and desorption of low-molecular-weight carboxylic acid vapors through
non-covaent interactions. The large surface area (655.2 m? g*) and pore volume (0.659 cc g?)
offered by the hierarchical micro/mesoporous architecture leads to superior sensitivity of
fullerphene to formic acid over acetic acid in the vapor phase demonstrating that novel 2D



fullerphene provides an attractive platform for the discrimination of carboxylic acids at the single-
carbon-atom level. Ultrathin two-dimensional (2D) nanoporous materials offer enhanced
sensitivity and high spatial resolution in sensing applications making them important for the
sel ective discrimination of guest molecules.

[Adv. Mater. Interfaces 2022, 9, 2102241. https.//doi.org/10.1002/admi.202102241]

» Fullerene Rosette: 2D Materialsfor the Sdective Vapor Sensing

Using in situ reactive methods to the self-assembly process of Cs molecules with mela-
mine/ethylenediamine components in solution, we have demonstrated a novel type of fullerene
assemblies, micron-sized two-dimensional, amorphous shape-regular objects, fullerene rosettes.
The fullerene rosettes are made from the accumulation of bilayer/monolayer assemblies of
hybridized fullerenes in low crystallinity. Proto-type sensor systems were fabricated upon
immobilization of the fullerene rosettes onto surfaces of quartz crystal microbalance (QCM), and
selective sensing of formic acid was demonstrated as preliminary results for social-demanded
toxic material sensing. The QCM sensor with fullerene rosette is categorized as one of the large-
response sensors among reported examples. In selectivity to formic acids againgt basic guests
(formic acid/pyridine > 30) or aromatic guests (formic acid/toluene > 110), the fullerene rosette
based QCM sensor also showed superior performances.

Although we here selected a QCM device as a conventional sensor system, more advanced sensor
devices can be applied. Simple and handy QCM sensors demonstrated in this work can mainly
give direction of the usages of the fullerene rosettes, but further applications of the fullerene
rosettes to more advanced sensor devices with gas-flow control apparatus will provide much
better capabilities for toxic VOCs sensing with good limit of detections. Emerging concepts for
materials designs such as materials nanoarchitectonics and materials informatics can be used for
fabrications for sensing materials aswell astraditional techniques such as the Langmuir-Blodgett
method and later-by-later assembly for materials-sensor interfacing. Combinations of the
materials design and system integration would create advanced sensing systemsonly using simple
molecules like fullerenes.

[Intl. J. Mol. ci. 2022, 23, 5454. https://doi.org/10.3390/ijms23105454]
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