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Metal-organic frameworks (MOFs) are a class of hybrid mate-
rials composed of organic linkers and metal nodes. They have
high surface areas with tunable pore size and functionality.>?
Because of these features, MOFs have potential applications in
the fields of gas adsorption/storage,®* catalysis,® drug
delivery,”® and fabrication of luminescent materials.>'® Many
methods have been proposed for synthesizing MOFs; these
include solvothermal methods,'»"* microwave-assisted
methods,®** ultrasonic-assisted methods,">'* mechanochem-
ical methods,” and electrosynthesis methods.”® Different
synthesis methods result in the different crystallinity and size.
Further, the synthesis method can influence the physicochem-
ical and semiconductor properties.*®

Recently, a method for synthesizing MOFs in liquid con-
tacting gas-phase dielectric barrier discharges has been re-
ported.”>** However, MOFs synthesized by plasma have not
been sufficiently characterized yet, thereby demanding further
research. Plasma is a unique reaction field and has the advan-
tage of being able to reduce and functionalize species using
electrons and radicals. These characteristics have been widely
utilized even in liquid phase for the synthesis of various mate-
rials such as carbon materials**** and metal nanoparticles****
and for introducing functional groups in materials.”® Using
plasma, it may be possible to synthesize functional MOFs with
reduced metal ions or additional functional groups. Plasma in
liquid generally have higher density of electrons and radicals
than plasma in the gas phase,”” and the influence of reactive
species can be observed more prominently.

In this study, we focused on [Cu(BTC),], (BTC = 1,3,5-ben-
zenetricarboxylate). This is known as HKUST-1 and is one of the
most widely researched MOFs. This MOF is assembled from
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example. HKUST-1 synthesized by this method contains a higher amount of monovalent copper ions
than that synthesized by other conventional methods. The enhanced water stability was also confirmed.

copper nodes and BTC, with each copper coordinated with four
oxygen atoms. HKUST-1 is a promising candidate for applica-
tions such as H, and SO, storage.’®** However, the crystal
structure of HKUST-1 is changed by water molecules, and its
surface area decreases.*®** To ensure the practical applications
of HKUST-1, it is important to increase its resistance to water.
To improve its stability to water, strategies such as incorpora-
tion of other materials, including graphite oxide*” and carboxyl-
functionalized attapulgite,* have been developed. In the post-
processing using plasma, the adsorption of water molecules
on HKUST-1 is inhibited by introducing hydrophobic groups
with perfluorohexane.** In another method, the adsorption of
water molecules on unsaturated metal sites was prevented by
irradiating the HKUST-1 with oxygen plasma.®® In addition, to
improve the water tolerance, reduction of Cu(u) ions in HKUST-
1 was also proposed.** However, in the above-mentioned
methods, mixing of other materials or post-treatment steps
was essential.

In this work, we synthesized HKUST-1 containing Cu(1) by
plasma in liquid; the method involved in situ plasma treatment
during the synthesis activated also by plasma. Its resistance to
water was compared with HKUST-1 synthesized by conventional
methods such as heating or addition of triethylamine at room
temperature.

HKUST-1 was synthesized using the plasma generated by
applying a bipolar pulse voltage to the electrode in an ethanol-
water solution containing copper nitrate trihydrate and BTC
(Fig. S1 and S27). Hereafter in this paper, the thus-synthesized
HKUST-1 will be referred to as PL-HKUST-1. For comparison,
HKUST-1 was synthesized by the conventional heating method
and by the addition of triethylamine at room temperature,*® and
the HKUST-1 formed are referred to as CH-HKUST-1 and RT-
HKUST-1, respectively. The details of the synthetic methods
are described in the ESL.}

All the samples were characterized by X-ray diffraction (XRD)
and thermogravimetric analysis. The XRD patterns of CH-
HKUST-1, RT-HKUST-1, and PL-HKUST-1 are shown in Fig. 1.
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Fig. 1 XRD patterns of CH-HKUST-1, RT-HKUST-1, and PL-HKUST-1
before and after immersion in water.

In all the cases, the characteristic diffraction peaks of HKUST-1
were identified, confirming the phase-pure formation of
HKUST-1 samples irrespective of the synthetic method.*”?*
Thermogravimetric analysis of HKUST-1 revealed that the
thermal stability of PL-HKUST-1 was similar to those of CH-
HKUST-1 and RT-HKUST-1 (Fig. S31).

Fig. 2 shows the fluorescence (FL) spectra of CH-HKUST-1,
RT-HKUST-1, and PL-HKUST-1 upon excitation at 310 nm at
room temperature. Note that a broad peak around 520 nm was
observed only for PL-HKUST-1 and not for CH-HKUST-1 and RT-
HKUST-1. Such a behavior has been previously reported for
Cu(r) complexes and is attributed to the metal-to-ligand charge
transfer (MLCT) from Cu(i) to an empty antibonding 7* orbital
of the ligand.***** Thus, the FL spectrum indicates that a certain
amount of Cu(i) is formed in PL-HKUST-1, which highly con-
trasted to CH-HKUST-1 and RT-HKUST-1.

The existence of Cu(i) in PL-HKUST-1 was also confirmed by
X-ray photoelectron spectroscopy (XPS). The XPS spectrum of
PL-HKUST-1 showed peaks at 932.2 and 934.6 eV, assignable to
Cu(1) and Cu(u), respectively (Fig. S4t).**** Although the
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—— RT-HKUST-1
—— PL-HKUST-1
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Fig.2 FL spectra of CH-HKUST-1, RT-HKUST-1, and PL-HKUST-1 (Aex
= 310 nm).
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reduction to Cu(i) inevitably proceeded upon X-ray irradiation,*
the concentration of Cu(i) in PL-HKUST-1 was apparently higher
than those in CH-HKUST-1 and RT-HKUST-1, which was
consistent with the FL spectra. The plasma has ample free
electrons and ions, which can reduce metal ions via electro-
chemical reactions.*® The temperature of the plasma in liquid
could be as high as 1000-7000 K,*” and the reduction of Cu(u) to
Cu(1) by heat might occur.”

To examine the water stability of the MOFs, HKUST-1 was
immersed in water at room temperature for 12 h. The XRD
patterns of the samples after immersion in water were
compared with those of the as-synthesized samples. The water
treatment resulted in the appearance of new peaks at 26 = 9.4°-
9.7°, 10.1°, 11.1°, 17.3°, and 19.6° for CH-HKUST-1 and RT-
HKUST-1 (Fig. 1). Notably, the XRD patterns of PL-HKUST-1
before and after immersion in water were identical, with no
detectable changes.

The effect of water treatment on the morphology of HKUST-1
was also investigated using scanning electron microscopy
(SEM). Particles with octahedral shape were obtained by the
plasma in liquid method, similar to those obtained by the
conventional heating method (Fig. 3). After immersion in water,
the formation of particles with a thread-like morphology was
observed for CH-HKUST-1 and RT-HKUST-1, suggesting the
decomposition of HKUST-1.>*** In contrast, although PL-
HKUST-1 contained a portion of the etched corners, the
particle shape and size remained unchanged after water
treatment.

Fourier transform infrared (FTIR) spectra of HKUST-1 before
and after the water treatment are shown in Fig. 4. All as-
synthesized samples showed the typical characteristic peaks
of HKUST-1. The bands from 1300 to 1700 cm ™ are associated
with the carboxylate group of the BTC ligand.*® The two peaks in

(a) CH-HKUST-1 (synthesized)

(b) CH-HKUST-1 (after immersion in water)

2 um

(¢) RT-HKUST-1 (synthesized)

1 um

(d) RT-HKUST-1 (after immersion in water)

2um

(e) PL-HKUST-1 (synthesized)

1 um

(f) PL-HKUST-1 (after immersion in water)

1 um

Fig. 3 SEM images of (a and b) CH-HKUST-1, (c and d) RT-HKUST-1,
and (e and f) PL-HKUST-1 before and after immersion in water.
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Fig. 4 FTIR spectra of CH-HKUST-1, RT-HKUST-1, and PL-HKUST-1
before and after immersion in water.

the range 1371-1448 cm ' correspond to the symmetric
stretching vibrations of the carboxylate group.® The bands at
730 and 758 ¢cm ™' correspond to the in-plane C-H bending
mode.* Peaks observed below 600 cm ' correspond to the
bonds involving copper ions.* After immersion in water, the
FTIR spectrum of PL-HKUST-1 did not show any significant
change whereas those of CH-HKUST-1 and RT-HKUST-1 showed
shifts in the peaks and formation of new peaks. When exposed
to water, peaks corresponding to COO vibrations were observed
for CH-HKUST-1 and RT-HKUST-1 between 1200 and 1700 cm ™"
due to a change in the environments of the linker BTC.*® The
peak around 1640 cm™" shifted to longer wavelengths, and
a new peak appeared around 1570 cm ', which is consistent
with previous research.*® The Raman spectra of CH-HKUST-1
and RT-HKUST-1 also showed the structural change in the
coordination bonding upon the water treatment (Fig. S51).>*
Table 1 shows the Brunauer-Emmett-Teller (BET) surface
areas for CH-HKUST-1, RT-HKUST-1, and PL-HKUST-1 obtained
from the N, adsorption measurements (Fig. 5). The BET surface
areas of CH-HKUST-1, RT-HKUST-1, and PL-HKUST-1 were 888,
574, and 739 m” g~ ', respectively. After immersion in water, the
amount adsorbed by CH-HKUST-1 and RT-HKUST-1 was lowered
compared to that before immersion, and their BET surface areas
were 407 and 351 m? g, respectively. By contrast, in the case of
PL-HKUST-1, the adsorption amount remained high even after
immersion in water, and its BET surface area was 811 m”> g~ .
These results clearly indicate that PL-HKUST-1 was more
resistant to water than CH-HKUST-1 and RT-HKUST-1, and its
high surface area could be retained for a longer period. This is

Tablel Brunauer—Emmett—Teller surface areas of CH-HKUST-1, RT-
HKUST-1, and PL-HKUST-1 before and after immersion in water

Synthesized After immersion
CH-HKUST-1 888 m> g’ 407 m*> g "
RT-HKUST-1 574 m* g~ 351m? g™
PL-HKUST-1 739m* g ! 811 m*g’
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Fig. 5 N, adsorption (solid symbols) and desorption (open symbols)
isotherms of CH-HKUST-1, RT-HKUST-1, and PL-HKUST-1 before and
after immersion in water.

because PL-HKUST-1 after immersion in water was not
decomposed at all or at least under the midway in the decom-
position process of HKUST-1. According to Todaro et al., there
are three stages in the decomposition of HKUST-1 during the
adsorption of water molecules.** The first stage does not involve
hydrolysis during the interaction with water molecules, trig-
gering an irreversible modification. Under the present experi-
mental conditions, the BET surface of PL-HKUST-1 did not
decrease after immersion in water, indicating that it had not
advanced beyond the reversible first stage. For CH-HKUST-1
and RT-HKUST-1, the large decrease in BET surface after
exposure to water suggests that the reaction had progressed to
the second or third stage of irreversible hydrolysis of the Cu-O
bonds.

Various factors account for the higher water stability of PL-
HKUST-1 compared to CH-HKUST-1 and RT-HKUST-1. One of
the possible reasons is the higher concentration of Cu(i) in PL-
HKUST-1. The mixture of Cu(u) and Cu(r) ions coordinated with
BTC showed higher water stability,*® although the structure
changed due to the reduction. Our study indicates that PL-
HKUST-1 still bears the HKUST-1 structure with Cu(i)-rich
sites, similar to the MOF synthesized by reducing Cu(u) in
HKUST-1 by heating, X-ray irradiation** or alcohol vapor treat-
ment.>” This may be due to the generation of missing-linker
defects inside the structure of HKUST-1.>* Due to the reduc-
tion, the state of open metal sites (OMS) might change, and
their water adsorption might also be influenced.

It has also been reported that treatment of HKUST-1 with
oxygen plasma prevents adsorption of water molecules. This is
because the adsorption of oxygen on the OMS during plasma
treatment prevents the adsorption of water in HKUST-1.** In
this study, there were many radicals such as CH, OH, and O in
the reaction field of plasma in liquid, which was confirmed
from optical emission spectra (Fig. S61); it is also possible that
some species were adsorbed on the OMS, resulting in high
water stability of PL-HKUST-1.

In conclusion, the results of this study revealed the appli-
cability of plasma in liquid for MOF synthesis. Plasma was
generated during the formation of HKUST-1, which allowed for
uniform modification of the MOF crystals without using any

© 2021 The Author(s). Published by the Royal Society of Chemistry
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additives. Therefore, this method enabled us to obtain HKUST-1
with a higher Cu(1) content and high water stability compared to
those synthesized by conventional synthetic methods. Since
Cu(1) in HKUST-1 binds more strongly to adsorbed gases like
nitrogen oxide than Cu(u),* it is expected to have potential
applications for the development of gas separators with good
gas selectivity. It has also been reported that mixed-valence
copper sites increase the density of states near the Fermi level
and thus increase the electrical conductivity.”® In addition,
MOFs with reduced Cu(i) ions are also expected to be used as
catalysts for click reactions.** It may be possible to control the
amount of reduced metal ions simply by tuning parameters
such as irradiation time and plasma generation power. Further
development of such systems, as well as their contribution to
the preparation of novel functionalized MOFs, is expected in the
future.
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