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ABSTRACT: A metal—organic framework (MOF) is one kind of crystalline
microporous material and is increasingly used as a host of catalytically active
guests. Nanostructured materials supported on MOFs have presented enhanced
catalytic activity and stability. Templates or several steps are essential to the
synthesis of MOF composites. Simple and effective MOF synthesis methods are
still challenging. Nanosized copper oxide particles in MOF composites, described
as nanosized CutO@HKUST-1, were prepared by a facile solvent-free reaction.
These series of CuUO@HKUST-1 composites exhibited excellent photocatalytic
activity for production of hydrogen and methylene blue (MB) degradation under
visible light. This synthesis method provides an effective way to fabricate MOF-
related nanocomposite catalysts.

B INTRODUCTION the synthesis of most of the MOF-related nanocomposites
needs template agents or multistep preparations, thus adding
to preparation time and costs. Therefore, facile methods to
synthesize MOF-related nanocomposites are in great demand,
such as the in situ one-pot synthesis from the MOF precursors
and functional additives. This is especially true for the large
scale production of MOF-related nanocomposites for gas
separation and heterogeneous catalysis. Furthermore, the
fabrication of MOF-related nanocomposites with a controlled
morphology and optimal synergistic effects of each component
remains a big challenge in the functional materials
community.** ™

Catalytic hydrogen evolution from water is a green and
promising solution for the problem of climate change and
environmental remediation. Meanwhile, the clean hydrogen
production will help satisfy the ever-growing demands of fossil
fuel energy in the next decades.”’ ™’ Among the discovered
hydrogen evolution methods, photocatalytic water splitting is
one of the most practical methods because of its low operating

The metal—organic framework (MOF) is a new kind of
crystalline microporous solid in which metal ions or clusters
and organic ligands are assembled into a periodic framework."”
MOFs have rigid three-dimensional topology and a large
internal surface area. These structures make the MOF
promising for various applications, such as gas storage,”" gas
purification,”~” heterogeneous catalysis,” '’ and chemical
sensing.u’12

Recently, MOF composites, created by embedding nano-
sized particles in classical microporous skeletons, have become
a topic of intense interest.">'* This increased interest is due to
the fact that MOF composites frequently exhibit improved
properties compared to those from a simple mixture of the
different components. Significant efforts are therefore being
undertaken to construct MOF composites with functional
species confined in the microporous networks, such as
nanosized metal particles or oxides.'>'®

Until now, research studies about MOF-related composites

with graphene oxide (GO),"”™° Fe,0,2°72* ZnO,*»* cc})lst and lalr?los}: (limlimited s;)la'r ra(}iation energzir..Howgver,
precious metal nanoparticles,”” >’ and alumina®®*’ or photocatalytic hydrogen evolution from water driven by a
silica’®’ have been reported. For instance, GO/HKUST-1 highly efficient photocatalyst still remains a big challenge.
(HKUST-1 = [Cu;(BTC),], where BTC is 1,3,5-benzene- Currently, most of the catalysts are semiconductors, among

tricarboxylate) nanocomposites exhibited an enhanced hydro- which metal oxide has been studied extensively, due to its low

gen absorption.”” Bandosz and co-workers reported that the

GO/MOF-5 composite also showed an increased ammonia Received: February 7, 2019
adsorption compared to that of the parent MOF-5.>* However, Published: June 12, 2019
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cost and high efficiency.””~" For photocatalytic water

splitting, photons are absorbed by the metal oxide semi-
conductors, where the water splits into hydrogen and
oxygen.””* The photocatalytic performance of a catalyst is
dominated by the number of photogenerated excitons which
are easy to recombine. Both the generation and recombination
of the excitons are closely related to the morphology and
composition of the catalysts. Due to high surface areas and
short diffusion distances compared to the bulk counterparts,
nanoporous hybrid structured catalysts can benefit the
molecule transfer. Thus, a promising approach to develop a
solar sensitive photocatalyst is to introduce catalytically active
semiconductors into the nanoporous lattice, in which porous
lattices absorb light in the visible range.%’47 Meanwhile, as a
beneficial result of making nanocomposite porous catalysts, a
delay in the recombination of the photogenerated charges can
be provided. Therefore, the holes and electrons can be
effectively separated in the different component layers resulting
in a higher photoefficiency. It has been demonstrated that the
nanostructures of the composite materials are favorable for
improving the photoefliciency, as a result of offering large
surface areas and more exposed reactive sites for water splitting
reactions. Our previous work also has investigated mesoporous
metal sulfides with improved photocatalytic efficiency under
visible light."® Therefore, it is a promising method to fabricate
photocatalysts with nanosized metal oxide particles and porous
frameworks as supports.

In the present paper, to the best of our knowledge, for the
first time CuO@HKUST-1 composites were prepared using a
solvent-free method from a nanosized CuO precursor. CuO@
HKUST-1 nanocomposites can be easily prepared on a large
scale based on this one-pot reaction. An investigation of
photocatalytic performance by the composite on hydrogen
evolution using visible light was then completed. These CuO@
HKUST-1 nanocomposites exhibited an excellent photo-
catalytic hydrogen production performance due to the
photocatalytic properties supplied by the trapped nanosized
CuO, high surface areas, and accessible microporous channels
for fast molecule diffusion. For extensive catalytic applications,
an investigation of photocatalytic degradation by these
nanocomposites on methylene blue under visible light was
also carried out.

B EXPERIMENTAL SECTION

Materials. Materials including copper(II) oxide (<SO nm, FW
79.55), 1,3,5-benzenetricarboxylatic acid (H,BTC, FW 210.14),
dimethylformamide (DMF), and ethanol were all received from
Aldrich and were used without any further purification.

Synthesis of MOF-Related Nanocomposite. For the CuO@
HKUST-1-20/12 composite, copper(II) oxide (0.80 g, 10 mmol) and
H;BTC (1.26 g, 6 mmol) were ground together for 30 min before
they were placed into an autoclave. The autoclave was closed tightly,
heated to 180 °C in an oven, and kept at that temperature for 96 h.
After the autoclave cooled down to room temperature, the resulting
products were washed with ethanol three times and dried under
vacuum at 60 °C for 12 h. The product was named CuO@HKUST-1-
20/12, in which 20/12 stands for the ratio of CuO and H;BTC
precursors being 20:12. The CuO@HKUST-1-20/3 composite was
also synthesized by mixing the reactants directly, following a
procedure similar to that for CuO@HKUST-1-20/12, with the
starting CuO/H,;BTC ratio being 20/3 (0.80 g CuO and 031 g
H,BTC).

Material Characterizations. The crystallinity and the phase
purity of the CuO@HKUST-1 nanocomposites were characterized by
powder X-ray diffraction (XRD) analysis. The powder XRD
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diffractograms were obtained using a Bruker D2 Phaser X-ray powder
diffractometer equipped with Cu Ka radiation (4 = 1.5406 A). The
morphologies of the nanocomposites were characterized via trans-
mission electron microscopy (TEM) and scanning electron
microscopy (SEM) on a Hitachi HD2000 STEM microscope
operating at 200 kV. The samples for image analysis were prepared
by drop casting: one drop of the sample dispersion in ethanol was
carfully loaded onto a copper grid and allowed to dry at room
temperature before being subjected to the electron image collection.
The permanent porosity and surface areas of the CuO@HKUST-1
nanocomposites were determined on a Micromeritics ASAP 2020.
About 100 mg of as-made product was activated for 6 h at 150 °C
under vacuum and subsequently loaded for nitrogen adsorption
analysis at 77 K.

Photocatalytic Hydrogen Evolution Measurements. The
photocatalytic hydrogen evolution was carried out in a Labsolar-
IIIAG photocatalytic system (Beijing Perfectlight Technology Co.,
Ltd.) using a 300 W Xe lamp equipped with a UV cutoff filter (4 >
420 nm). The details follow: 50 mg of CuO@HKUST-1 nano-
composite was dispersed into a mixture solution containing 88 mL of
acetonitrile, 10 mL of triethanolamine, and 2 mL of deionized water.
The reaction temperature was set as 1 °C, and hydrogen gas was
measured every 1 h.

The photocatalytic methylene blue (MB) degradation was carried
out at room temperature under visible light. The details follow: 12.5
mg of CuO@HKUST-1 nanocomposite was dispersed in 15 mL of
aqueous solution of MB (55 mg L™'). Under dark conditions, the
suspension was stirred for 30 min to achieve adsorption equilibrium.
Then, 0.1 mL of hydrogen peroxide (H,0,, 30%) was added into the
above solution. The photocatalytic MB degradation was conducted by
irradiating the suspension with a 300 W xenon lamp coupled with a
UV cutoff filter (4 > 400 nm) while stirring. Every 30 min the samples
(1 mL) were withdrawn from the reactor; the powder was suspended
by centrifugation and analyzed by ultraviolet—visible (UV—vis)
spectroscopy. The efficiency of dye degradation was obtained by C/
Cy, where C is the concentration of undecomposed MB and C; is the
initial concentration of MB. The cycle test of photocatalytic MB
degradation was carried out by centrifugation of the reaction solution,
and the catalyst was reused three times. In order to understand the
photocatalysis mechanism, benzoquinone (BQ), isopropyl alcohol
(IPA), and EDTA-2Na were separately added as scavengers for
hydroxyl radicals (*OH), superoxide radicals (*O,”), and holes (h*)
to the MB solution before the photocatalyst was added. The
concentration of IPA, BQ, and EDTA-2Na in MB solution was 1
mM, while the other conditions remained the same as those used for
the photocatalytic MB degradation.

Electrochemical Measurements. For the working electrode
preparation, S mg of ground sample was ultrasonically dispersed for
30 min in a solution of 0.5 mL methanol and 30 xL Nafion solution.
After 30 min of sonication, a fluorine-doped tin oxide (FTO) glass
with a fixed area of 0.5 cm?® was coated by 10 uL of the obtained
slurry. The working electrode was dried in air at 60 °C for 10 min. A
0.5 M Na,SO, solution was employed as supporting electrolyte. The
Mott—Schottky curves were obtained in the dark at a frequency of 10
Hz. A three-electrode cell was employed for the measurements with a
Pt plate, and a Ag/AgCl electrode was used as counter electrode and
reference electrode, respectively.

B RESULTS AND DISCUSSION

Mechanism of the Preparation of CuO@HKUST-1
Nanocomposite. The synthesis of CtO@HKUST-1 nano-
composites based on a conventional solid-state reaction
requires a mechanical mixing of solid metal oxide precursor
and organic ligand. In detail, the CuO@HKUST-1 nano-
composite was synthesized by an in situ growth of MOF
nanocrystal on the CuO nanosized precursors (Scheme 1).
There is a strong interaction between the ligand and CuO
nanoparticles. As a consequence, the nucleation and growth of
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Scheme 1. Schematic Representation of the Solid-State
Transformation from Nanosized Copper Oxide and Ligand
BTC to CuO@HKUST-1 Composites
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the MOF crystals proceeded and resulted in CuO nano-
particles trapped in the MOF lattice. First, the basic CuO
nanoparticles deprotonated the acidic H;BTC ligand and give
out Cu(Il) ions. The ligands further coordinate with the
Cu(1l) ions on the surfaces of CuO particles resulting in
HKUST-1. Then, the CuO particles continue to release the
Cu(Il) ions and more HKUST-1 formes and CuO particles
gradually decrease their size and trapped in the HKUST-1
lattice. Finally, CutO@HKUST-1 nanocomposites with differ-
ent CuO sizes can be obtained by controlling the reactant
ratios. This facile solvent-free synthetic method obviously
would reduce pollution and lower costs. Additionally, the final
products from this solvent-free method turned out to be
different from those obtained in wet reactions. This is because
of specific spatial orientation or crystal growth under a solvent-
free condition, which will provide excellent opportunities to
achieve nanocomposites with controlled compatibility between
component materials.

Structural and Morphology Properties of CuO@
HKUST-1 Nanocomposites. In a comparison of the powder
X-ray diffraction patterns of the CuO@HKUST-1 with that of
CuO precursor and pristine HKUST-1, it can be confirmed
that the composites have the HKUST-1 crystal structure
(Figure 1la). Furthermore, XRD analyses also verified the
existence of the CuO phase in the nanocomposites. The
adsorption properties of the composites have been determined
by N, adsorption measurements (Figure 1b). Both CuO@
HKUST-1 nanocomposites exhibit type I isotherms, which is
typical for microporous materials. Compared to CuO@
HKUST-1-20/12, the lower gas uptake of CutO@HKUST-1-
20/3 indicates more nonporous CuO in the resultant product.
The Brunauer—Emmett—Teller (BET) surface areas of CuO@
HKUST-1-20/12 and CuO@HKUST-1-20/3 are 296 and 29
m?/g, respectively (Figure 1b). The nitrogen adsorption
isotherm of HKUST-1 is shown in Figure S10. The BET
surface of pure HKUST-1 is 951 m*/g, which is substantially
higher than that of the CuO@HKUST-1 nanocomposite,
indicating that the incorporation of CuO into the HKUST-1
network dramatically decreased the surface area. The
distribution of the pore size was calculated by using the
Horvath—Kawazoe (H-K) method as shown in Figures S11
and S12.

The FT-IR spectra of the nanocomposites, CuO precursor,
and pure HKUST-1 are shown in Figure 2. The adsorption
band at 1508—1623 cm™' corresponds to the asymmetric
stretching of the carboxylate groups in HKUST-1. The
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Figure 1. Powder XRD patterns of CutO@HKUST-1-20/12, CuO@
HKUST-1-20/3, nanosized CuO precursor, and simulated XRD
patterns from single crystal data of HKUST-1 (a) and nitrogen
adsorption isotherms of CuO@HKUST-1-20/12, CuO@HKUST-1-
20/3 (b).
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Figure 2. FT-IR spectra of CutO@HKUST-1-20/3, CuO@HKUST-1-
20/12, and HKUST-1.

symmetric stretching of the carboxylate groups in HKUST-1
is also observed at 1384 and 1405 cm™'. The out-of-plane
vibrations of ligands in HKUST-1 correspond to several bands
in the region 1300—600 cm™.*" The absorption band around
500 cm™ is the specific vibration of the Cu—O bonds.”® The
FT-IR spectra indicate the CuO particles and HKUST-1 were
all preserved in the composite products.

The content of HKUST-1 in the composites is quantified by
thermogravimetric analysis as shown in Figures S7—S9. The
total mass is obtained after the adsorbed water molecules of
the composites have completely been removed at about 200
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°C. The content of HKUST-1 in the composites is quantified
by the following equation:

M1 - Mz M01 B
M1

M,
92« 100%
01

A=

Here, A is the content of HKUST-1. M, is the mass of
composites, and M, is the mass of the composites
decomposition products at about 340 °C. M, is the mass of
the pristine HKUST-1, and My, is the mass of the pristine
HKUST-1 total decomposition products at 340 °C. After being
calculated, the contents of HKUST-1 in CuO@HKUST-1-20/
3 and CuO@HKUST-1-20/12 are 7.9% and 30.5%,
respectively.

The morphology and the CuO particle size of the
nanocomposites were characterized using SEM and TEM, as
seen in Figure 3. The CutO@HKUST-1-20/12 has polyhedron

Figure 3. SEM images (3, ¢, e) and TEM images (b, d, f) for CuO@
HKUST-1-20/12 (top), CuO@HKUST-1-20/3 (middle), and nano-
sized CuO precursor (bottom).

morphology with sharp facets, with sizes ranging from 300 to
500 nm (Figure 2a). The CuO nanoparticles in a range of 5—
40 nm are embedded in HKUST-1 crystal particles (Figure
2b), indicating that the precursor CuO was partially consumed.

Interestingly, the particle size of CuO can be tuned by
adjusting the ratio of the reactants. When the molar ratio of
CuO and H;BTC was changed from 20:12 to 20:3, larger CuO
nanoparticles were trapped in the MOF network (Figure 3).
These observations support the proposed mechanism that
CuO nanoparticles initially deprotonate the ligand on the
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interfaces and serve as metal resources for the formation of the
MOF shell. The formation of CutO@HKUST-1 under solvent-
free conditions is quite different from the homogeneous
nucleation process from soluble Cu(II) salts in wet reactions.

Photocatalytic Hydrogen Evolution and MB Degra-
dation. The procedure of the photocatalytic hydrogen
evolution is described here: 50 mg of CuO@HKUST-1
nanocomposite was dispersed into a mixture solution
containing 88 mL of acetonitrile, 10 mL of triethanolamine,
and 2 mL of deionized water. The diffuse reflectance spectra of
the CutO@HKUST-1 nanocomposites are similar and show a
broad range of absorption in the visible light region extending
to 1100 nm. The intensity from the CuO@HKUST-1
nanocomposites is higher than those from CuO and
HKUST-1, indicating that the nanocomposites possess a
good light absorption performance (Figure 4a). Photocatalytic
activities of CutO@HKUST-1 nanocomposites were examined
for photocatalytic hydrogen evolution and MB degradation
under visible light irradiation.

For comparison, the photocatalytic activities of the pristine
HKUST-1 and the commercial CuO nanoparticles were also
investigated. The hydrogen evolution rates of HKUST-1 and
CuO are 70 and 510 umol g~ h™’, respectively (Figure 4b).
The CuO@HKUST-1-20/12 shows the highest photocatalytic
activity with a H, evolution rate of 667 umol g™' h™", and the
H, evolution rate of CuO@HKUST-1-20/3 is 620 pmol g~*
h™'. The H, evolution rate of CuO@HKUST-1-20/12 is 9.5
and 1.3 times those of HKUST-1 and CuO, respectively,
indicating that the approach described in this paper can
efficiently improve the photocatalytic activity. Furthermore,
CuO@HKUST-1-20/12 shows high photocatalytic stability
and almost no catalytic efficiency decay even after recycling
three times (Figure S).

As shown in Figure 4c, about 75% and 80% of MB molecules
were degraded within 180 min for the pristine HKUST-1 and
commercial CuO nanoparticles, whereas 98% MB degradation
was achieved in the presence of the CuO@HKUST-1
composite. It is necessary to note that the CuO@HKUST-1
composites presented equal performance on the degradation of
MB, which is consistent with their similar diffuse reflectance
spectra. In consideration of their differences in BET surface
area and CuO nanoparticles size, it is speculated that the pore
sizes of CutO@HKUST-1 nanocomposites were too small to
effectively transfer large dye molecules such as the MB
molecule. The small pore size of CuO@HKUST-1 nano-
composites would have mitigated the photocatalytic activity of
CuO@HKUST-1-20/12. To investigate the photodegradation
mechanism, isopropanol (IPA) is employed as a scavenger for
hydroxyl radical (*OH), EDTA disodium salt (EDTA-2Na) for
photogenerated holes (h*), and benzoquinone (BQ) for
superoxide radical (*O*7). The results showed the influence
of the three scavengers on the solution (Figure S1). The
hydroxyl radical (*OH) and photogenerated holes (h*) were
the two main active species in this CuO@HKUST-1
photocatalytic system in view of the inhibition order
(EDTA-2Na > IPA > BQ) (Figure 6).

The Mott—Schottky characterizations were also conducted
to further reveal the flat-band potential of HKUST-1 and CuO.
The flat-band potentials (V) of CuO and HKUST-1 are
about 0.68 and —0.05 V vs Ag/AgCl (0.26 V vs NHE) shown
respectively in Figures S2 and S3. The band gap values of CuO
and HKUST-1 are about 146 and 2.62 eV (vs NHE),
respectively, which were estimated using the related curve of
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Figure 6. Photocatalytic activity of CuO@HKUST-1-20/12 to the
degradation of MB with different scavengers.

(ahv)* versus photon energy (Figures S4 and S5), while the
valence bands (VB) of CuO and HKUST-1 are 2.14 and 2.57
eV (vs NHE), respectively. When the photocatalyst is
irradiated under visible light, the excited electrons transfer
from the CB of HKUST-1 to that of the CuO for evolving
water to hydrogen (Figure 7). The sacrificial electron donor

H,0

Hy

Figure 7. Schematic diagram of the photocatalytic H, generation over
the HKUST-1/CuO heterojunctions.

was oxidized by the photogenerated holes in the VB of
HKUST-1 rapidly, which promoted photocatalytic processes.
For the degradation of MB, when the excited electrons transfer
from the CB of HKUST-1 to that of CuO, *OH radicals are
produced as the consequence of the capture of H,0,. The
holes in the VB of HKUST-1 transferred from the CB of CuO
can oxidize H,O to give *OH and to further oxidize MB
directly.

B CONCLUSION

In summary, CuO@HKUST-1 nanocomposites were success-
fully fabricated by a facile solvent-free method based on a one-
pot reaction. The surface morphology, porosity, and particle
size of trapped CuO of the CuO@HKUST-1 nanocomposites
can be simply adjusted by tuning the ratio of the reactants.
Compared to the pristine HKUST-1 and the commercial CuO
nanoparticles, the CutO@HKUST-1 nanocomposites showed
an improved photocatalytic activity for the hydrogen evolution
under visible irradiation. Hence, this synthesis method opens a
new route to obtain various other MOF-based nanocomposites
in a high yield which can be used as heterogeneous catalysts,
chemical sensors, and electrochemical energy storage devices.
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