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ABSTRACT: A hierarchical yolk/shell copper hydroxysulfates@ ’ErH3BTC
MOF (CHS@MOF, where MOF = metal—organic frameworks) _?).( ® 0% oCu
structure was fabricated from a homogeneous yolk/shell CHS ° o0
template composed of an active shell and a stabilized core via a facile
self-template strategy at room temperature. The active shell of the
template served as the source of metal ion and was in situ
transformed into a well-defined MOF crystal shell, and the relatively
stabilized core retained its own nature during the formation of the
MOF shell. The strategy of in situ transformation of CHS shell to
MOF shell avoided the self-nucleation of MOF in the solution and
complex multistep procedures. Furthermore, a flow reaction system
using CHS@MOF as self-supported stationary-phase catalyst was developed, which demonstrated excellent catalytic performance
for aldehyde acetalization with ethanol, and high yields and selectivities were achieved under mild conditions.
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1. INTRODUCTION ance and core/shell Fe;O,@Cu;(BTC), with magnetic
recovery capability.'”"" Recently, Kuo et al. fabricated an
interesting yolk/shell nanocrystal @ZIF-8,"” which integrates
the functions of the microporous shell, the catalytic core, and
the cavity between and offers greater prospects of optimizing
the performance of the composite materials.

Until now, significant progress has been achieved in the
preparation of hierarchical MP/NP@MOF structures, and the
synthetic methods are mainly classified into two categories. The

Controllable fabrication of hierarchical structure is one effective
way to realize the distinctively collective property and extensive
potential of two or more functional components.'”* In
particular, functional core/shell or yolk/shell structures not
only avoid the aggregation of the cores with high surface energy
and preserve their chemical activity but also greatly improve the
multifunctionality of the nanostructures.”® Recently, functional
microparticles/nanoparticles@metal—organic framework (MP/ ! - ) ; 927
NP@MOF) core/shell or yolk/shell structures have attracted ﬁrst 18 th_e Incorp orat1on_ of MP/NP into MOF. The
considerable research interest due to their synergies obtained incorporation of MP/NP into MOF often damages the porous
by integrating functions of the MOF shell and MP/NP cores.”® Stm?ture of the MOF, and the mor? hology anld size of the MP/
The high surface area, diverse structural topologies, adjustable NP is ur}controllable. The szesc_o3r31d is the colatmg of MOF shell
pore size, and tunable chemical properties of MOF shell, on n.wdlﬁed.MP/ NP core. 'The. coating strategy usually
together with the functionality of MP/NP cores such as requires additional s.urface modifications on the MP/NP to
magnetic, optical, and catalytic properties, can be effectively conﬁne‘ the nucleat%on ancli ngOWt.h of MOF, so the self-
integrated. Until now, MP/NP@MOF such as metal@ nucleation of MOF in solution is difficult to avoid. Usually, a
MOEF,"° metal oxide@MOE,"" polymer@MOF,>" inorganic yolk/shell MP/NP@MOF structure is fabricated via a step-by-
material @MOF,'*'S and MOF@MOF'® have been successfully step coatirll_g strategy with an additional selective etching
achieved and show potential applications in catalysis, drug and procefdure,' which ma.Fes the sy'n'thesis process complicated
gene delivery, sensing, gas storage, and gas separation.'” For and inefficient. In addition, traditional multistep procedures
example, Zhang et al. prepared core/shell silica@Cu,(BTC), hinder the large-scale synthesis of yolk—shell-type structures.
(BTC = 1,3,5-benzenetricarboxylate) composite microspheres So it is highly desirable to develop a facile and rapid method for
via a step-by-step approach and demonstrated that silica@

Cuy(BTC), as packing materials can realize fast and efficient Received: November 18, 2014
separation for liquid chromatography.'* Qiu et al. synthesized Accepted: February 13, 2015
core/shell Au@MIL-100(Fe) with enhanced catalytic perform- Published: February 13, 2015
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Figure 1. (3, b) SEM images and (c) cross-section TEM image of the as-prepared yolk/shell CHS template. (d, e, g) SEM images and (f) cross-
section TEM images of the yolk/shell CHS@Cu;(BTC), microspheres. The circle marked gives the outline of the core, and the arrow shows the
interstitial gap between the core and shell in (b, e). (h, i) SEM images of Cuy(BTC), shell separated from the core.

scalable fabrication of yolk/shell MP/NP@MOF structures
under mild conditions.

In this paper, a novel self-template method was developed for
large-scale synthesis of the MP@MOF yolk/shell structure.>*>*
First, the homogeneous yolk/shell template with active shell
and relatively stable core was designed and synthesized. The
active shell served as the source of metal ion and was in situ
converted to MOF shell, while the relatively stabilized core
retained its own nature during the formation of the MOF shell.
The MOF shell of the yolk/shell MP@MOF products was
assembled from well-defined crystal subunits. Importantly, the
size of the subunit of the MOF shell could be controlled by
varying the solvent composition. CHS has been proven to be an
excellent catalyst for a variety of catalytic reactions, such as
olefin oxidation and phenol oxidation, with advantages of low
cost, environmental friendly, and high activity. But the
reusability of CHS still needs to be improved, which limits its
potential application.’**” The yolk/shell CHS@MOF structure
achieves cooperative catalytic activity and good reusability by
integrating not only the CHS core with high catalytic activity
but also the MOF shell with large surface area and high
porosity. Furthermore, the solid-core-porous-shell structure of
the CHS@MOF make it ideal for self-supported catalyst in a
flow catalysis system due to the advantage of being easily
packed and immobilized. A flow reaction system using CHS@
Cu,(BTC), as self-supported stationary-phase was developed
and evaluated for aldehydes acetalization reaction, which
demonstrated the enhanced catalytic properties of the CHS@
Cuy(BTC), and the economical and environmentally processes
of the as-prepared flow catalytic reactor.

2. EXPERIMENTAL SECTION

Materials. Copper sulfate pentahydrate, absolute ethanol, and N,N-
dimethylformamide (DMF) were purchased from the Beijing
Chemical Reagent Company. 1,3-Propanediamine and trimesic acid
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were supplied by Alfa Aesar. All reagents were of analytical grade and
used without further purification.

Preparation of Yolk/Shell CHS Template. The synthesis of the
yolk/shell CHS template was carried out by an amplified complexed-
precipitation method according to our previous work.*® In a typical
procedure, 0.30 L of 1,3-propanediamine (0.24 mol/L) was added into
0.40 L of CuSO, solution (0.75 mol/L). The mixed solution was kept
still for 10 min at room temperature. Then the green precipitate was
obtained by centrifugation, washed with deionized water twice and
ethanol once, and dried at 40 °C for 12 h. Then the yolk/shell CHS
templates were obtained.

Preparation of Yolk/Shell CHS@MOF. Yolk/shell CHS
templates (10.00 g) were added into 0.34 L of mixed ethanol and
water solution (ethanol: 0.16 L, water: 0.18 L) under stirring. Then
another 0.30 L of ethanol solution of trimesic acid (0.05 mol/L) was
added into the above solution. The mixtures were stirred for 30 min at
room temperature. Afterward, the products were recovered by
centrifugation, washed with ethanol three times, and dried at 40 °C
for 12 h. Then the yolk/shell CHS@Cu;(BTC), was obtained. To
investigate the effect of the reaction temperature on the formation of
CHS@Cu4(BTC),, the products were prepared at S0 and 80 °C,
respectively. To investigate the effect of solvent composition on the
formation of CHS@Cu,(BTC),, the mixed ethanol and water solution
was replaced by water, DMF, and ethanol.

Characterization. The morphology, structure, and element
mapping of the as-prepared products were investigated by scanning
electron microscopy (SEM, ZEISS SUPRASS) and transmission
electron microscopy (TEM, JEOL JEM-100CX II). The phase
composition of the products was characterized by X-ray powder
diffraction (XRD, M21X, Cu Ka radiation, 4 = 0.1542 nm). Fourier
transform infrared spectroscopy (FTIR) was collected on a Nicolet
6700 Fourier spectrometer using KBr pellets technique. The thermal
decomposition behavior of the products was investigated with
thermogravimetric experiments (TG, Netzsch STA449F3) from
room temperature to 900 °C at a rate of 10 °C/min in N,
atmosphere. The Brunauer—Emmett—Teller (BET) surface area and
porosity of the as-synthesized products were characterized by nitrogen
sorption—desorption isotherms at 77 K using a Micromeritics ASAP
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2420 adsorption analyzer. The pore size distribution was calculated
using the Horvath—Kawazoe (HK) method.

Catalytic Tests and Flow Reaction System. In a typical
procedure, 50 mg of catalysts, 1.0 mmol of substrate, and 5.0 mL of
ethanol were added into a 25 mL round-bottomed flask. Then the
mixture was stirred at room temperature for 1 h. At the end of the
reaction, the products were isolated by centrifugation and analyzed by
gas chromatography—mass spectrometry (GC-MS, Agilent7890/
5975C-GC/MSD) to determine the catalytic efficiency. The flow
reactor was equipped with CHS@Cu;(BTC), as self-supported
catalyst and conducted the catalytic reaction at room temperature. A
filtration was first packed on the bottom of the tubular reactor. To
pack the cartridges (~400 mm) of the flow reactor, CHS@Cu;(BTC),
(4 g) were first suspended in 100 mL of ethanol, then the slurry was
injected into the column of the reactor using a syringe. The mixture of
the aldehydes and ethanol with a molar ratio of 1:80 was directly
injected into the inlet port of the flow reactor at a flow rate of 0.05
mL/min. All the tests were performed under room temperature (25
°C). Then the product was collected at the discharge port in a single
pass and analyzed by gas chromatography—mass spectrometry (GC-
MS, Agilent7890/5975C-GC/MSD) to determine the catalytic
efficiency.

3. RESULTS AND DISCUSSION

3.1. In Situ Transformation of Yolk/Shell CHS
Template to Yolk/Shell CHS@Cu5(BTC),. The CHS yolk/
shell template was prepared with an amplified complexed-
precipitation method according to our previous work.*® 1,3
Propanediamine was first added into the copper sulfate solution
at room temperature. Then the hierarchical yolk/shell CHS
microspheres were obtained after a 10 min reaction. As shown
in Figure 1ab, the CHS template is yolk/shell microsphere
structures with a size of 7—9 pm, and the inner core (~5 ym) is
encapsulated in a nanosheet-assembled shell with a thickness of
1 um. The core is assembled from closely aggregated tiny
nanoplatelets, each with a thickness of ~10 nm, and the outer
shell is composed of closely packed nanosheets, each with a
thickness of ~100 nm. The interstitial gap between the core
and shell is about several hundred nanometers. The circle in
Figure 1b implies the outline of the CHS core, while the arrow
shows the interstitial gap between. TEM characterization
further confirms the yolk/shell structure with the closely
aggregated inner core and relatively loosely assembled outer
shell (Figure 1c). The yolk/shell CHS template was formed
from a metastable core/shell microsphere, and the gap between
was caused by mass transfer from the core to shell, which was
similar to the Ostwald ripening process.*®

The yolk/shell CHS@Cu;(BTC), was fabricated by in situ
conversion of the template shell to well-defined MOF crystal
shell. When trimesic acid was added into the mixed water and
ethanol dispersion of yolk/shell CHS template, the solution
color changed from light green to light blue within 10 s,
indicating the formation of the Cuy(BTC),.*® Nearly 20 g of
products were obtained (Supporting Information, Figure S1).
The nanosheets in the shell of the template are transformed
into uniform and well-defined octahedral crystals with sizes of
~1 pm, and the octahedral crystals are assembled into the
closely arranged MOF shell (Figure 1d—i). As can be seen from
Figure le, the circle and arrow show that the CHS@
Cu;(BTC), retains the yolk/shell structure. After a vigorous
ultrasonication treatment, some microspheres are broken, and
the MOF shells are separated from the inner core (Figure 1h,i),
demonstrating the yolk/shell feature of the products. The
elemental mapping images of a broken microsphere (Support-
ing Information, Figure S2) illustrate that C element distributed
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in the edge (the area out of the oval) is attributed to the
formation of the Cuy(BTC), shell. The Cu, O, and S densely
distributed in the center of the yolk/shell structure (the area in
the circle) indicate the preservation of the CHS core. The size
of the hierarchical CHS@Cuy(BTC), can be easily adjusted
from 4 to 10 pum by applying this synthesis method with
different sized yolk/shell CHS template (Supporting Informa-
tion, Figure S3). Notably, the synthesis process can be
conducted by simply mixing the dispersion of the template
and organic ligands using water and alcohol as a solvent, and
the reaction was completed within 30 min at room temperature
producing gram-scale quantities in a 1 L beaker. This self-
template method shows the advantages of being fast, mild,
scalable, inexpensive, and environmentally friendly, and has
great potential for the practical synthesis of yolk/shell CHS@
Cu,(BTC),.

The transformation from CHS template to CHS@
Cu;(BTC), was investigated by XRD and nitrogen adsorp-
tion/desorption measurements (Figure 2). The diffraction
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Figure 2. (a) XRD patterns and (b) N, sorption—desorption

isotherms of the as-prepared CHS template and CHS@Cu,(BTC),
microspheres.

peaks of the template are attributable to CHS (Cu, sSO,(OH);-
2H,0, JCPDS: No. 51—0321, CHS refers to Cu, ;SO,(OH);:
2H,0 in this paper).*® When the shell of the CHS template is
converted to octahedral crystal shell, new diffraction peaks at
5.7°,6.7°,9.5° 11.6° 13.4°, 17.4°, and 19.0° appear, which are
identical to the peaks of the calculated Cu;(BTC),.*>*" The
diffraction peaks of the CHS can still be observed due to the
existence of the stabilized CHS core. The specific surface area
of the yolk/shell CHS template is ~9.4 m”/g. The isotherms
appear between type III plots, characteristic of the macropores,
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and type IV plots, characteristic of mesopores. The macropores
and mesopores mainly originate from the loosely assembled
nanosheets of the shell and the closely aggregated tiny
nanoplatelets of the core.*® The BET surface area of the
CHS@Cu;(BTC), composite reached a high value of ~572.0
m?/g when the CHS shell is converted to MOF shell. The
isotherm curves appear between type I plots, characteristic of
the micropores, and type IV plots, characteristic of mesopores.
The pore size of the final product distributes narrowly around
0.55 nm. The high surface area and the micropore structure of
the CHS@Cu,(BTC), are mainly due to the formation of the
MOEF shell. The chemical composition of the CHS@
Cuy(BTC), product is further characterized by FTIR spectros-
copy and thermogravimetric analysis (TGA) (Supporting
Information, Figures S4 and SS). Sharp peaks of the FTIR
spectra at 1450 and 1373 cm™! are attributable to structural
vibrations of the aromatic C=C bond and C—O bond of the
Cuy(BTC), shell. The thermal decomposition behavior of the
CHS@Cu;(BTC), product, with a weight loss within a range of
300—450 °C, also confirms the formation of the Cuy(BTC),.*

3.2. Formation Pathway of the Yolk/Shell CHS@
Cu3(BTC),. The transformation from CHS shell to
Cuy(BTC), crystal shell is a crucial issue in the elaboration
of hierarchical CHS@Cu;(BTC), composite. To better under-
stand this in situ conversion process, the microstructure and
phase constitution of samples formed at different reaction times
were investigated in detail. As shown in Figure 3a—d, after

Intensity (a.u.)

In situ transformation CHS@Cu3(BTC),
of the template shell

CHS template

Figure 3. SEM images of CHS@Cu;(BTC), composites obtained
with different reaction times: (a) 0 min, (b) S min, (c) 10 min, (d) 30
min. All the scale bars are 1 ym. (e) XRD patterns corresponding to
samples obtained after different reaction times. (f) The corresponding
schematic illustration of the formation of yolk/shell CHS@
Cu,(BTC), microspheres.

trimesic acid is added into the dispersed solution of the yolk/
shell CHS template for S min, sporadic octahedral crystals start
to appear on the nanoplate shell of the CHS template. The
template acts as the source of metal ions to provide Cu®* for
the MOF formation, which can be evidenced by the
disappearance of the nanosheet shell of the template.’® After
10 min of reaction, most of the assembled nanosheets of the
template shell are converted to truncated octahedral crystals.
When the reaction time reaches 30 min, all the nanosheet shell
of the template are completely transformed to well-structured
octahedron shell.
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The transformation of the phase constitution of the samples
is also characterized by XRD. For the pure CHS template, only
the characteristic peaks (circle icon) of CHS at 8.1°, 16.4°, and
17.2° are shown (Figure 3e). With the increase of the reaction
time after the trimesic acid was added into the solution, the
diffraction peaks (square icons) of the Cuy(BTC), at 6.7°, 9.5°,
11.6°, 134° and 19.0° appear, and the intensity gradually
increases. The XRD characterization clearly shows the
evolution from the CHS template to CHS@Cu;(BTC),.

Pérez-Ramirez and co-workers successfully fabricated
Cu;(BTC), using insoluble copper hydroxide as copper
precursor for the first time. The copper hydroxide provided
active sites to induce the MOF nucleation on its surface and
was completely converted into Cuy(BTC),. The conversion
process was promoted by the acid—base interaction of the
trimesic acid and copper hydroxide.*® As for the yolk/shell
CHS template composed of an active shell and a stabilized core,
the shell serves as the source of copper and provide active sites
for the MOF nucleation,*"** the core maintains its own nature
very well attributed to its higher stability than the shell. The in
situ conversion process of the CHS@Cuy(BTC), can be
described in Figure 3f. When trimesic acid is added into the
dispersed solution of the template, the nanosheets in the CHS
shell produce active sites to induce the MOF nucleation on its
surface, then the CHS structure is rearranged and converted to
Cuy(BTC), crystal. With the consumption of the Cu®* and the
crystallization of Cuy(BTC),, the CHS shell is gradually
converted to Cuy(BTC), octahedral crystal shell. Further, the
acid—base interaction between the trimesic acid and CHS also
promoted the conversion process. Then the CHS@Cuy(BTC),
yolk/shell structure is constructed.®® Interestingly, no single
Cuy(BTC), crystals are observed in the solution, which
confirms that the nucleation and growth of the MOF crystals
are strictly confined on the template shell. Three different
synthetic reactions are involved in this facile self-template
method, namely, (I) the fabrication of a yolk/shell CHS
template, (II) the in situ conversion of CHS shell built from
assembled nanosheets, and (III) the formation of MOF shell
assembled from well-defined crystals. During the formation
process of the CHS@Cuy(BTC),, the active shell of the
template serves as a source of metal ion and in situ converts to
MOF shell, while the relatively stable core retains its own
nature.

3.3. Key Factors in Formation of the Yolk/Shell CHS@
MOF. Usually, the step-by-step coating strategy requires the
introduction of additional metal ions. However, in the present
work the Cu®* for the formation of Cuy(BTC), were originated
from the sacrificial CHS template in our self-template method.
So the formation pathway of Cuy(BTC), mainly depended on
the chemical reaction equilibrium between the release rate of
Cu’* and its coordination rate with the BTC ligands, which
were controlled by kinetics and were closely related to the
reaction environment. Systematic experiments were designed to
investigate the effects of reactive conditions, such as the
temperature and solvent composition, on the evolution of
CHS@Cu4(BTC),. When CHS@Cu;(BTC), was prepared at
50 °C, only a few large Cuy(BTC), crystals attached to the
surface of the CHS core (Figure 4a). High temperature (80 °C)
significantly accelerated the release rate of Cu®' originating
from the CHS shell, and the size of the Cuy(BTC), crystals
grew larger (Figure 4b). The abundant Cu®' in the solution
promoted the growth of the Cu;(BTC), crystals and gave rise
to the large size of the Cu;(BTC), crystals near the CHS core.

DOI: 10.1021/am508079j
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Figure 4. SEM images of products prepared at (a) 50 °C and (b) 80
°C. Both the scale bars in the inset are 2 ym.

Note that the retained CHS core confirmed that the core of the
template was more stable than the shell.

The effects of different solvents, such as water, DMF, and
ethanol, on the formation of the MOF shell were also
investigated. When water was used as the solvent, the
octahedron subunit size of the Cuy(BTC), shell increased to
~1.8 pm, nearly twice the size (~1 um) of the products
synthesized using a mixed water and ethanol solution (Figure
Sab). When DMF was used as the solvent, the size of the

Figure 5. SEM images of the products prepared using (a, b) water and
(¢, d) DMF as solvent.

Cuy(BTC), crystal subunit decreased to ~700 nm (Figure
5Sc,d). Ethanol solvent only resulted in a few octahedron crystals
on the template surface, and most of the nanosheet shell of the
template was still retained (Supporting Information, Figure S6).
As the polarity (dielectric constant) of water (80.1), mixed
water and ethanol, DMF (36.7), and ethanol (24.5) gradually
decreased, it can be concluded that the size of the Cu;(BTC),
crystal subunit decreased with the polarity of the solvent.
Previous research shows that high-polarity solvent can promote
the dissociation of the organic ligands and increase the acidity
of the reaction mixture.*® So, in the present work, when water
was used as solvent, the relatively highly acidic environment
promoted the release of Cu** from the template. Then high
concentration of Cu®* and abundant BTC ligands gave rise to
the quicker growth rate of MOF crystal and the larger size of
the final Cuy(BTC), crystal subunit.

3.4. Catalytic Properties and Flow Reaction System
Using CHS@MOF as Self-Supported Catalyst. Acetaliza-
tion is one of the essential reactions for protecting carbonyl
groups in a various organic syntheses.*’ Initially, acetalization
reaction of benzaldehyde with ethanol was chosen as a model
reaction to probe the activity of the CHS@Cu,(BTC), catalyst.
The catalytic reactions were conducted at room temperature
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(25 °C) for 1 h. The benzaldehyde was converted to
benzaldehyde diethyl acetal with a good yield (up to 88%)
and high selectivity (up to 99%) (Table 1, entry 1). Compared

Table 1. Acetalization of Benzaldehyde Using Different
Catalysts®

CHO EtO.__OEt
Catalyst
+ EtOH
entry sample conversion (%) selectivity (%)
1 CHS@Cu,(BTC), 88 100
2 0 0
3 CHS 80 100
4 Cu,(BTC), 17 100

“Reaction conditions: 1.0 mmol of benzaldehyde, 5.0 mL of ethanol,
50 mg of CHS@Cu;(BTC), (other catalysts with the same Cu
content as the CHS@Cuy(BTC),), room temperature (25 °C), 1 h.

with other catalysts reported for the acetalization reaction of
aldehydes with ethanol, such as RuCl; and C0C12,44’45 the
CHS@Cu4(BTC), catalyst shows better catalytic activity. To
investigate the catalytic effects of the CHS@Cu;(BTC),,
several control experiments were also conducted. A blank
experiment shows that there was no reaction between
benzaldehyde and ethanol after 1 h at room temperature
(Table 1, entry 2). When CHS template and pure Cuy(BTC),
were used as the catalysts, the conversion of benzaldehyde was
80% and 17%, respectively (Table 1, entries 3 and 4). For the
yolk/shell copper CHS@Cu;(BTC),, it is the CHS core that
promotes the acetalization of benzaldehyde. The Cu(BTC),
shell with large surface area functions as the reactor, which
provides multiple transportation channels for the reactants to
access the catalytically active CHS surface. The reactants are
restricted in a limited space between the core and shell of
CHS@Cu;(BTC),, which accelerated the catalytic reaction
rate.

Furthermore, the recyclability of the CHS@Cu,(BTC), and
CHS was also investigated. After being recycled more than five
times, the efficiency of CHS@Cu;(BTC), catalyst maintains
well (the conversion of benzaldehyde (80%) and the selectivity
of benzaldehyde diethyl acetal (>99%)). On the other hand, for
the CHS catalyst the conversion of benzaldehyde decreased
significantly to 28% (Supporting Information, Figure S7). The
morphologies and crystal structures of the used CHS and
CHS@Cu;(BTC), were not changed (Supporting Information,
Figures S8 and S9). After the CHS and CHS@Cu;(BTC),
were filtered from the reaction mixture, the solution was stirred,
and after a certain time it was analyzed by GC-MS analysis to
verify the stability of catalysts. Results showed that the
conversion of benzaldehyde increased from 46% to 69% after
the CHS was removed, while the conversion of benzaldehyde
only increased from 54% to 62%, indicating the higher stability
of CHS@Cu4(BTC), than pure CHS (Supporting Information,
Figure S10). The catalytic performance of CHS and CHS@
Cu,(BTC), products after three months of storage in air was
also studied; the conversion of benzaldehyde decreases to 18%
for CHS, while the conversion of benzaldehyde still retains 83%
for CHS@Cu,(BTC),. The XRD result shows that the phase of
the CHS is transformed from Cu,SO,(OH);2H,0 to
Cu,SO4(OH)s, and the morphology is transformed from
yolk/shell microsphere to stacked microsheets (Supporting
Information, Figure S11). As for the CHS@Cu;(BTC),
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products, the phase and morphology can be retained even after
three months, which is attributed to the stabilizing effect of
Cu;(BTC), shell to the CHS core (Supporting Information,
Figure S12).

Recently, heterogeneous catalysis in flow has attracted great
attention due to its advantages for easy automation, saving
energy, and environment protection.%_49 However, one of the
challenges in utilizing flow technology in heterogeneous
catalysis is the preparation of solid-supported catalysts with
good catalytic activity under flow conditions.*” As for the
CHS@Cu;(BTC), products, the CHS core serves as the active
catalytic site, the Cuy(BTC), shell with a large surface area and
high porosity enriches the reactants around the MPs as well as
promoting the reaction, and the cavity between provides a
microreaction environment for efficient catalysis. Further, the
solid-core—porous-shell structure can avoid the accumulation
of the active center and help the liquids to flow through,
making CHS@Cu;(BTC), an ideal self-supported catalyst for
heterogeneous catalysis in flow. A flow reactor for heteroge-
neous catalysis was designed and developed using CHS@
Cus(BTC), as immobilized stationary-phase catalyst. The
organization of the principal design elements is illustrated in
Figure 6. The reactant solution is injected into the column of
the reactor packed with the CHS@Cus(BTC), and the
product solution is collected at the discharge port for GC
analysis.

Reactants ———

O <&

CHO
© + EtOH

74

CHS@Cuy(BTC),—»
EtO j OEt

o .

Figure 6. Schematic representation and photo image of the flow
reactor using self-supported CHS@Cu;(BTC), catalyst.

Filter —>

Products ——> 0

Benzaldehyde was converted to benzaldehyde diethyl acetal
with a good yield (up to 87%) and high selectivity (up to 99%)
in a single pass of the packing catalysts (Table 2, entry 1),
showing the excellent catalytic efficiency of CHS@Cu;(BTC),
as self-supported catalyst. Furthermore, the acetalization of
other aldehydes, such as 2-fluorobenzaldehyde, 4-fluorobenzal-
dehyde, m-tolualdehyde, p-tolualdehyde, m-anisaldehyde, p-
anisaldehyde, and 2-furanaldehyde, also confirmed the general
applicability of our self-supported CHS@Cu,(BTC), catalyst,
and the results are summarized in Table 2. It can be observed
that the aldehydes were converted to their corresponding
diethyl acetals in high yield. Specifically, the conversion of m-
substituted (Table 2, entry 2) and o-substituted benzaldehyde
(Table 2, entries 4 and 6) is better than that of p-substituted
benzaldehyde (Table 2, entries 3, 5, and 7) due to the steric
hindrance, which made p-substituted substrate difficult to
diffuse through the pore of the Cu;(BTC), shell.>®
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Table 2. Acetalization of Various Aldehydes Using the Flow
Reactor with CHS@Cu;(BTC), as Immobilized Stationary-
Phase Catalyst”

entry substrate product conversion (%) selectivity (%)
HO EtO._OEt

! é 87 >99
HO EtO.__OEt

2 F éﬁ 86 >99
HO EtO.__OEt

3 é 85 >99
F F
HO EtO.__OEt

4 é\ 85 >99

CHs CHs

HO EtO.__OEt

5 é 75 >99
CH3 CHjs
HO EtO.__OEt

6 é\ 83 >99

OCH, OCH3

HO EtO.__OEt

7 é 72 >99
OCH3 OCH3
HO EtO.__OEt

8 % 86 >99

“Reaction conditions: aldehydes and ethanol with a molar ratio of
1:80, at room temperature, a single pass.

Furanaldehyde is also well-acetalized to its corresponding
diethyl acetals in good yields (ca. 86%) (Table 2, entry 8).

4. CONCLUSIONS

A novel self-template and in situ conversion approach for
fabricating hierarchical yolk/shell CHS@MOF was developed.
First a homogeneous CHS yolk/shell template composed of an
active shell and a stabilized core was designed and fabricated.
The active shell can provide metal ions and in situ transforms
into MOF crystal shell, and the relatively stabilized core acts as
the template, retaining its own nature during the conversion of
the shell. Our in situ self-assembly strategy provided a general
synthetic method for the preparation of multifunctional hybrid
MP/NP@MOF with tailored structure, size, and properties by
regulating the solvent composition and temperature. Finally, a
flow reaction system using CHS@MOF self-supported catalyst
was developed, which demonstrated excellent catalytic perform-
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ance for aldehyde acetalization due to the unique advantage in
structure and function of the CHS@MOF.
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