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In situ Generation and Stabilization of Accessible Cu/Cu,O
Heterojunctions inside Organic Frameworks for Highly Efficient

Catalysis
Kai Chen®, Jia-Long Ling™ and Chuan-De Wu*

Abstract: Heterostructural metal/metal oxides are the very
promising substituents of noble-metal catalysts; however, generation
and further stabilization of accessible metal/metal oxide
heterojunctions are very difficult. Herein, a strategy to in situ
encapsulate and stabilize Cu/Cu,O nanojunctions in porous organic
frameworks is developed by tuning the acrylate contents in copper-
based metal-organic frameworks (Cu-MOFs) and the pyrolytic
conditions. The acrylate groups play important roles on improving
the polymerization degree of organic frameworks, and generating
and stabilizing highly dispersed and accessible Cu/Cu,O
heteronanojunctions. As a result, pyrolysis of the MOF ZJU-199,
consisting of three acrylates per ligand, generates abundant
heterostructural Cu/Cu,O discrete domains inside porous organic
matrices at 350 °C, demonstrating excellent catalytic properties in
liquid-phase hydrogenation of furfural into furfuryl alcohol, which are
much superior to the non-noble metal-based catalysts in the
literature. This work provides a promising pathway for developing
highly efficient non-noble metal catalysts in practical applications.

Introduction

Noble metal catalysts (e.g. Pd, Pt, Au and Rh) are highly active
in numerous chemical processes, attributed to their unique
electron and orbital properties." However, the high-cost and
scarcity of noble metals heavily hindered their practical
applications. A tremendous effort has been paid on developing
the alternatives with earth-abundant metal sources, including
metal/metal oxide nanoparticles (MNPs); however, their catalytic
properties remain much inferior to those of noble catalysts.? In
accordance with the unique electron donating and accepting
properties of noble metals, the most promising alternative
catalysts based on earth-abundant metals should consist of
heterojunctions, in which one could act as the redox-active
center while the other one should perform as the Lewis acid or
base site, which would synergistically work to mimic the electron
and orbital properties of noble metals.’

Among numerous earth-abundant metal/metal oxides, Cu-
based nanomaterials are highly attractive, because the copper
element could form valence-mixed heterostructures, such as
Cu/Cu,0, CuO/CuO and Cu/Cu,O/CuO.* In contrast to the
isolated single phase of Cu or CuO, the Cu/CuOy
heterostructures could re-localize the electron densities of
different redox-active sites on the interfaces, resulting in
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decreased transition energy barriers during catalysis.® However,
the exposed active metallic copper is easily oxidized to form
CuOy coating layers, leading to the heterostructural Cu/CuOx
interfaces inaccessible, and thus to heavily deteriorate the
catalytic properties.®

Metal-organic frameworks (MOFs) are a class of porous
crystalline materials, constructed from the coordination bond
connections between multidentate organic linkers and metal
ions/clusters, which have been extensively used to fabricate
porous MNPs@carbon composites under high temperature
pyrolytic conditions.” MNPs@carbon composites exhibited high
catalytic efficiency in numerous reactions, attributed to the in situ
formed graphitic carbons that provide good electron mobility to
promote charge separation/transfer. However, extreme high
annealing temperature often resulted in severe collapse of the
pristine skeletons of MOFs and subsequent aggregation of in
situ formed MNPs, leading to the formation of thermally stable
homogeneous phases or the heterojunction interfaces
inaccessible to reactant molecules during catalysis.®

| Cu,(RCOO,) | | ZJu-199 |

| ZJU-199-350 |

Scheme 1. Schematic illustration of the preparation of porous organic
frameworks, consisting of in situ generated heterostructural Cu/CuOy
nanoparticles, for liquid phase hydrogenation of FAL into FOL.

It has been demonstrated that cinnamic acid could be
decarboxylated to produce styrene and further polymerized at
200-270 °C in the presence of CuSO, catalyst.9 Therefore, the
Cu-MOFs, consisting of multiple acrylate moieties in organic
linkers, should be an ideal class of porous templates for the
fabrication of porous organic frameworks under suitable pyrolytic
conditions.'® The polystyrene networks might perform as robust
physical barriers to prevent the migration of in situ formed
copper nanospecies during pyrolysis, resulting in abundant
accessible Cu/CuOx nanojunctions inside porous organic
matrices. As shown in Scheme 1, the sizes, compositions and
heterostructures of in situ generated Cu/CuOy nanoparticles
inside porous organic frameworks are indeed systematically
tunable by adjusting the constituents and functionalities of
organic linkers in Cu-MOFs and controlling the annealing
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conditions, which realized high catalytic efficiency, selectivity
and stability in liquid phase hydrogenation of furfural (FAL) into
furfuryl alcohol (FOL).

Results and Discussion

The Cu-MOF ZJU-199 (ZJU = Zhejiang University) is built from
[Cux(COO0)4] paddle-wheel secondary building units (SBUs) and
benzene-1,3,5-tri-B-acrylate (BTAC) linkers, sharing the same
tbo topology and coordination modes with the Cu-MOF HKUST-
1."" There are three acrylate moieties per ligand, indicating that
ZJU-199 should be an ideal precursor for the preparation of
porous organic frameworks consisting of in situ generated
Cu/CuOy nanojunctions (Figure S1 and Scheme S1). We first
monitored the thermal behaviors of ZJU-199 by TG-MS
measurement under inert N, atmosphere (Figure 1a). The
weight loss before 150 °C should be assigned to the release of
encapsulated solvent and coordinated water molecules. Upon
raising the temperature, a weight loss of 22.1 wt% was observed
in the range of 250-400 °C. Based on the overlap of DTG curve
and corresponding CO, mass plot, the weight loss should be
originated from decarboxylation of organic linkers. The weight
loss is smaller than the content of exact carboxylate groups
(28.6 wt%) in ZJU-199, indicating that there should occur other
decomposition pathways besides of decarboxylation, such as
trapping part of the carboxylate moieties in the form of carbonyl
or ester moieties in the residues, because there is no obvious
emission of CO, gas afterwards (Scheme S2).'? Another weight
loss from 400 to 500 °C should be attributed to further
dehydrogenation and condensation of organic moieties. When
raising the temperature to 800 °C, the retained residue is of 51.0
wt%, closing to the sum of calculated masses for copper
element (20.8 wt%) and decarboxylated moieties (33.1 wt%) in
ZJU-199, indicating no obvious organic weight loss occurred
during the carbonization process. In contrast, a remarkable
weight loss (41.0 wt%) is observed in the temperature range
from 250 to 400 °C for HKUST-1, which is greatly higher than
the calculated value (31.4 wt%) for the carboxylate groups
(Figure 1b). When the temperature was raised to 800 °C, only
26.2 wt% of residual mass was obtained for HKUST-1, which is
slightly higher than the copper content (22.8 wt%). The above
results clearly demonstrated that the presence of acrylate
moieties in organic ligands could markedly prevent the
evaporation of organic moieties under pyrolytic conditions, which
might fabricate physical barriers to inhibit the agglomeration of in
situ formed MNPs.

According to the TG results, ZJU-199 was pyrolyzed at
different temperatures for 2 h under N, atmosphere to prepare
Cu/CuOs@organic framework composites, denoted as ZJU-199-
T (T = temperature). FT-IR spectra show that there is a broad
decarboxylation process for ZJU-199 from 250 to 350 °C (Figure
2a). The characteristic signals of aromatic moieties in
decarboxylated ZJU-199-350 appear at 1595 and 1440 cm™.
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There also appears an obvious C=0 vibration band at 1670 cm™,
which is in line with the TG results, indicating that there are
multiple cross-linking pathways for the organic residues under
pyrolytic conditions. The characteristic peak of exocyclic C=C
vibration at 980 cm™ gradually decreases upon elevating the
temperature, while the peak at 1385 cm™ assigned to the
aliphatic C-H bending vibration of methylene groups gradually
increases. Moreover, the decrease of the vibration intensities for
exocyclic C=C and carboxylate groups are highly synchronized,
indicating that the acrylate moieties in ZJU-199 were first
decarboxylated to generate highly reactive styrene species, and
subsequently thermal-polymerized to form 3D polystyrene
networks under annealing conditions. UV-Vis spectra of the
chloroform eluents of annealed samples showed that there is no
signal ascribed to the aromatic compounds, indicating that the
organic residues are highly polymerized. The organic residues
suffered from severe carbonization when the temperature was
raised to 500 °C and fully carbonized at 800 °C, as confirmed by
Raman spectroscopy (Figure S2).
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Figure 1. TG, DTG and CO,-MS curves for (a) ZJU-199 and (b) HKUST-1.

The nature of annealed samples was characterized by
power X-ray diffraction (PXRD) studies (Figure 2b).
Decomposition of the ZJU-199 skeleton was initiated at 250 °C,
as there appeared broad and weak characteristic peaks
assigned to Cu,0 (JCPDS, Card No. 05-0667, 36.4°), and very
weak peaks ascribed to metallic Cu (JCPDS, Card No. 04-0836,
43.2 and 50.5°). Interestingly, distinct phase transformation was
observed when gradually increasing the annealing temperature.
Cu.0 represents the major phase in ZJU-199-300 and ZJU-199-
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350 along with small amounts of metallic copper species. The
Cu,0 species was gradually reduced to form Cu’ when the
annealing temperature was raised to 400 °C. Deep condensation
of the organic residue at higher temperature would further
reduce the CuyO species into metallic copper species. The
broad diffraction peaks of copper species in ZJU-199-T indicate
that the Cu/Cu,0O particle sizes are very small, according to the
Scherrer equation (Table S1). SEM images show that thermal
treatment of ZJU-199 did not change the appearance of the
octahedral morphology (Figure S3). TEM images show that the
nanoparticles are uniformly distributed in the organic frameworks
with average diameters of less than 10 nm in ZJU-199-350,
which were slightly increased to 13 nm at 800 °C (Figures 2c,
2d and S4).
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Figure 2. (a) FT-IR spectra and (b) PXRD patterns of annealed samples of
ZJU-199 at different temperatures. TEM images and the corresponding
histograms of metal particle size distributions for (c) ZJU-199-350 and (d) ZJU-
199-800.

To understand the roles of ‘acrylate moieties on the
formation of porous organic frameworks and the in situ
generation of Cu/CuOy heterostructures, we further studied the
thermal behaviors of HKUST-1, ZJU-35 and ZJU-36, consisting
of zero, one and two acrylate moieties per ligand, respectively,
which are isostructural to ZJU-199 (Scheme S1 and Figure
S5).""""® As shown in Figure S7, all of them are fully
decarboxylated at 350 °C, and the retained organic residue
mass is in the order of ZJU-199 > ZJU-36 > ZJU-35 > HKUST-1,
which are proportional to the contents of acrylate groups,
indicating that the acrylate groups could effectively inhibit the
loss of decarboxylated organic moieties during pyrolysis. FT-IR
spectrum shows that the phenyl ring vibration signals of
decarboxylated organic moieties are hardly recognized for
HKUST-1-300 (Figure S8). There appear the predominant
peaks at 752 and 694 cm™ attributed to the out-of-plane bending
vibration bands of substituted phenyl groups for ZJU-35-T (T =

10.1002/anie.201913811

WILEY-VCH

300-400 °C), while the vibration peaks of ZJU-36-T are similar to
those of ZJU-199-T. These results revealed that the acrylate
moieties in organic linkers played important roles to preserve the
3D networks of the parent MOFs for the formation of organic
frameworks under pyrolytic conditions. SEM images show that
there are meso/macro cracks on the external surfaces of the
annealed HKUST-1 samples, while the pristine morphology was
almost reserved for ZJU-35 and ZJU-36 at low annealing
temperature (< 400 °C) (Figures S9-S11). It is worth noting that
ZJU-35-800 formed melted-like particles with round-edged
octahedral morphology. This result should be ascribed to only
one acrylate group per ligand in ZJU-35, which tends to form
flexible 1D polystyrene chains that are easily shrunk at high
temperature.' TEM images show.that the diameters of NPs in
different pyrolyzed samples are in the order of ZJU-199 < ZJU-
36 < ZJU-35 < HKUST-1 under the same pyrolytic conditions,
indicating that the acrylate moieties in Cu-MOFs could prevent
the aggregation of NPs by forming physical barriers under
pyrolytic conditions (Figures S12-S14).

Figure 3a shows the solid-state 'C magic-angel spinning
(MAS) NMR spectra of copper-etched Cu-MOF-350, covering
the aliphatic carbons between 0 and 80 ppm and aromatic rings
from 100 to 150 ppm. The missing of the exocyclic vinyl group at
ca. 110 ppm and the gradual growth of the broad y peak
centered at 36.5 ppm, assigned to the tertiary and secondary
aliphatic carbon, further confirmed that the vinyl groups are
highly polymerized.”® Meanwhile, the a peak intensity for
HKUST-1-350 and ZJU-35-350 is relatively low, indicating that
the decarboxylated benzene species is less reactive for the
formation of coupled C-C bonds. The absence of the peak
ascribed to the C=0 moiety indicates that the decarboxylative
coupling process might be the major reaction under the pyrolytic
conditions.
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Figure 3. (a) Solid-state "*C MAS NMR spectra, and (b) Cu 2p, (c) O 1s and
(d) C 1s XPS spectra of Cu-MOF-350.
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To further understand the roles of acrylate groups in the
pyrolytic process, we studied the thermal behaviors of MOF-143,
a Cu-MOF built from [Cuyx(COO)g SBUs and 1,3,5-
benzenetribenzoate (BTB) (Figures S16 and S17)."° FT-IR
spectrum of MOF-143-350 shows that there appear an evident
aromatic signal at 1598 cm™", and an emerged peak at 1734 cm™
assigned to the ester groups, illustrating the successful
reservation of the organic moieties in the pyrolyzed sample
(Figure S18). However, there also appear the characteristic
vibration bands of monosubstituted phenyl moieties at 760 and
697 cm”, indicating insufficient cross coupling of the
decarboxylated BTB moieties. This conclusion was confirmed by
monitoring the UV-Vis spectrum of the chloroform eluate of
MOF-143-350, which presents the absorption bands of aromatic
compounds ascribed to the decarboxylated BTB monomer
(1,3,5-triphenylbenzene) and coupled oligomers (Figure S19).
PXRD profile shows that metallic copper represents the major
phase in MOF-143-350 with an average diameter of 19.5 nm
(Figures S20 and S21). These characterizations revealed that
pyrolysis of MOF-143 would retain most of the organic mass,
attributed to the large molecule weight of BTB ligand. However,
the decarboxylated BTB moieties were poorly polymerized,
which could not effectively inhibit the migration of in situ

generated copper species, and resulted in large aggregated NPs.

These results further confirmed the important roles of acrylate
groups in ZJU-199 on improving the polymerization degree, and
impeding the agglomeration of in situ formed MNPs under
annealing conditions.

X-ray photoelectron spectroscopy (XPS) was utilized  to
study the surface compositions and chemical states of the in situ
formed copper species in the 350 °C treated samples (Figure 3).
All samples displayed similar Cu 2p XPS spectra, where the
main peaks appear in the region around 933 eV, corresponding
to the 2ps2 peaks of Cu element. Fittings of the Cu 2ps, peaks
resulted two components with binding energy peaks located at
934.8 and 932.7 eV that are assigned to the surface Cu" and
Cu'/Cu® species, respectively.” The shake-up satellite peak at
943 eV further confirmed the existence of Cu" species in the
pyrolyzed samples. Restricted by the low crystallinity of Cu"
nanospecies, no obvious diffraction peak for CuO or Cu(OH),
was found in the PXRD patterns. Because it is difficult to
distinguish Cu® and Cu' from the XPS spectra, we attempted to
make a distinction by Cu LMM Auger spectra. Although only a
broad peak at 916.5 eV for Cu' species could be directly
observed, we could figure out the gradual decrease of the Cu®
peak intensity at 918.2 eV, accompanying increase of the
acrylate contents in_organic ligands (Figure S22). Combined
with the XPS data, we calculated the [(Cu’+Cu')/Cu"] atomic
ratios for all samples (Table S1). An obvious decrease tendency
of the [(Cu’+Cu')/Cu'] atomic ratio was observed when
increasing the acrylate contents in the pristine MOFs, which is
consistent with the PXRD results.
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High resolution TEM (HRTEM) images show that there are
two kinds of lattice fringes with inter-planar spacing of 0.209 and
0.181 nm assigned to the (111) and (200) of metallic Cu,
respectively, where the (111) fringes of CuO (d = 0.246 nm) are
located at the external surfaces of Cu NPs in HKUST-1-350
(Figure 4a).* Accompanying increase of the acrylate contents
in organic ligands, the ratio of metallic copper to Cu.O in the
NPs gradually decreases, which generated core-shell structures
consisting of metallic Cu cores covered with thin CuzO layers in
ZJU-35-350 and ZJU-36-350 (Figure 4b and 4c). As a
consequence, it is difficult to discriminate the different copper
species by LMM spectra. Cu,O became the major species in the
biphasic Cu/Cu20 nanojunctions in ZJU-199-350 (Figure 4d). It
is interesting that metallic copper is located at the edge of the
multi-component heteronanostructures, resulting in highly
exposed Cu° sites and Cu/Cu,0 interfaces. Since the Cu/Cu,O
nanojunctions would generate unique local electrostatic fields at
the interfaces, ZJU-199-350 might exhibit unexpected electronic
properties that do not possess by discrete individuals. When the
annealing temperature was increased to 800 °C, the copper
species was highly reduced and aggregated, which resulted in
heavy decrease of the accessible Cu/Cu,O nanojunction
interfaces (Figure S24). N, sorption measurements revealed
that ZJU-199-350 has hierarchical porous structure, which is
beneficial for mass transport during catalysis (Figures S25 and
S26; Table S1).

Figure 4. HRTEM images of (a) HKUST-1-350, (b) ZJU-35-350, (c) ZJU-36-
350 and (d) ZJU-199-350 (the inserts show the schematic representations of
Cu/Cu,0 heterostructures; color scheme: Cu, green; Cu,0, red).

Biomass is an ideal class of alternatives to fossil fuels as a
feedstock of fine chemicals and fuels due to its abundance and
sustainability.”® Furfural (FAL), as one of the major biomass
platform chemicals, can be primarily produced from acid-
catalyzed hydrolysis of hemicellulose and then converted into
diverse chemicals and fuels." Furfuryl alcohol (FOL), a
hydrogenated product of FAL, is an important intermediate in
fine chemicals and polymer industries.®® The commercial
production of FOL from FAL is usually performed over toxic
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copper chromite under harsh conditions.?' Hence, there is
growing need for developing environment- and eco-friendly
catalysts that could efficiently convert FAL into FOL with high
activity and selectivity under mild conditions. The interesting
heterostructures of Cu/Cu,O nanojunctions in the pyrolyzed Cu-
MOFs prompted us to evaluate the catalytic application in
hydrogenation of FAL into FOL (Table 1). Obviously, the pristine
Cu-MOFs could not initiate the FAL hydrogenation reaction with
very low yield of FOL under the catalytic conditions of 1 MPa H;
and 130 °C. Meanwhile, HKUST-1 and ZJU-35 derived
composites could not effectively promote the FAL hydrogenation
reaction, because most of the Cu/Cu,O nanojunction interfaces
in the severely aggregated copper NPs are inaccessible. As
expected, great boost of the catalytic performance was achieved
for ZJU-36-350 and ZJU-199-350 with 78.2 and 97.0% FOL
yields, respectively. It is worth noting that ZJU-199-350 exhibits
the highest turnover frequency (TOF) in the FAL hydrogenation
under mild conditions, compared with the earth-abundant metal-
based catalysts in the literature (Table S2). The high catalytic
efficiency should be attributed to the small particle sizes (<10 nm)
of Cu/Cu,0 nanojunctions with highly exposed interfaces inside
porous organic matrices.

It has been demonstrated that the electron-deficient copper
species (Cu'™) could perform as the Lewis acid sites to activate
the carbonyl moieties by side-bond interaction.?? The Cu®
species is able to dissociate the absorbed H, molecules to form
active hydrogen atoms, which easily react with the neighboring
activated -C=0 groups to produce FOL. As there are multiple
nanojunction (Cu/CuyO) interfaces on a single NP, the
cooperation between Cu® and adjacent Cu” Lewis acid sites
would significantly boost the catalytic performance (Scheme
S3).2® In order to confirm this assumption, the catalytic
performance of FAL hydrogenation over ZJU-199-400 was also
carried out, in which the Cu® was the major species with similar
particle sizes in ZJU-199-350 (Figure S27). As expected, the
FOL yield (29.3%) is dramatically decreased for ZJU-199-400,
indicating the important roles of Cu" Lewis acid sites in the FAL
hydrogenation reaction. Apart from the high concentration of
Cu"™ species, the abundant accessible Cu/Cu,O heterojunction
interfaces should be also accounted for the high catalytic activity
of ZJU-199-350, compared with ZJU-36-350. When the
annealing temperature was increased to 500 and 800 °C, only
little FOL was produced for the annealed products of ZJU-36
and ZJU-199. Since negligible particle size or phase difference
could be observed for the NPs in ZJU-199-400 and ZJU-199-
500, the deteriorated catalytic activity should be resulted from
the deep-condensation of organic moieties that could block the
access of FAL molecules to the heterojunction interfaces. FT-IR
spectra revealed that dehydrogenation and carbonization at 500
°C could destroy all of the functional groups in the organic
supports, which resulted in weak metal-support interactions to
lead to deterioration of the catalytic efficiency.
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Table 1. Hydrogenation of FAL into FOL catalyzed by various Cu-MOFs and
pyrolyzed samples.®

Entry Catalyst Conv. (%) Yield (%) Sel. (%)™
1 HKUST-1 2.7 13 50.2
2 HKUST-1-300 3.1 20 66.7
3 HKUST-1-350 9.8 43 43.9
4 HKUST-1-400 11.4 6.2 54.1
5 HKUST-1-500 7.7 6.3 82.4
6 HKUST-1-800 55 3.8 68.7
7 ZJU-35 5.8 4.0 69.1
8 ZJU-35-300 19.2 47 24.3
9 ZJU-35-350 23.4 19.7 84.2
10 ZJU-35-400 38.5 26.4 68.7
11 ZJU-35-500 8.2 8.1 99.1
12 ZJU-35-800 9.7 46 47.2
13 ZJU-36 6.4 22 34.1
14 ZJU-36-300 749 70.9 946
15 ZJU-36-350 82.4 78.2 94.9
16 ZJU-36-400 411 36.3 88.3
17 ZJU-36-500 15.8 13.6 86.0
18 ZJU-36-800 85 23 275
19 ZJU-199 6.5 1.8 27.2
20 ZJU-199-300 71.9 70.1 97.4
21 ZJU-199-350 97.1 97.0 >99
22 ZJU-199-400 34.2 29.3 85.7
23 ZJU-199-500 7.8 47 60.3
24 ZJU-199-800 12.3 2.9 23.3

[a] Reaction conditions: 1.0 mmol FAL, 25 pmol catalyst (based on Cu), 2 mL
isopropanol, 1 MPa H,, 130 °C, 3 h. [b] Determined by GC in the presence of
n-octanol as the internal standard.

To comprehensively understand the reaction mechanism, a
series of FAL hydrogenation experiments were conducted in the
presence of ZJU-199-350 catalyst (Figure 5). Figure 5a shows
the influence of reaction temperature on the catalytic
performance of ZJU-199-350 in the range of 110-140 °C under 1
MPa hydrogen pressure for 3 h. The FOL yield greatly increases
from 52.7% at 110 °C to 97.0% at 130 °C with retained FOL
selectivity of >99%. Further elevating the reaction temperature to
140 °C did not improve the FAL conversion. The effect of
reaction time on the FAL hydrogenation was also investigated
(Figure 5b). The FOL vyield increases remarkably when
prolonging the reaction time from 1 to 3 h with steady FOL
selectivity of >99%. The H, pressure is another important factor
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that dramatically affected the catalytic results in the
hydrogenation reaction. The FOL vyield boosted 6-fold and 11-
fold when the H; pressure was increased from 0.1 to 0.5 and 1
MPa at 130 °C for 3 h, respectively (Figure 5c). Further increase
of the H, pressure could not obviously improve the catalytic
results. We also tested the catalytic performance of ZJU-199-
350 in various solvents, including water, toluene, methanol and
isopropanol (Figure 5d). Among these solvents, water resulted
in a low FOL yield of 18.6%, which should be ascribed to the
reversed surface properties of hydrophilic water and
hydrophobic organic matrices that could prevent the accessibility
of FAL molecules to catalytic centers. The moderate FAL
conversion and FOL yield in toluene should be originated from
the poor H. solubility in nonpolar solvents.?* For the protic
organic solvents, ZJU-199-350 exhibits superior catalytic
performances in isopropanol (97.0% FOL yield) and methanol
(95.8% FOL yield), because hydrogen bonding between the
carbonyl groups in FAL and the terminal hydroxyl groups in
alcohols would help activation of the FAL molecules.?
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Figure 5. Effect of reaction conditions on hydrogenation of FAL over ZJU-199-
350: (a) 1.0 mmol FAL, 25 pmol catalyst, 2 mL isopropanol, 1 MPa H,, 3 h; (b)
1.0 mmol FAL, 25 umol catalyst, 2 mL isopropanol, 1 MPa H,, 130 °C; (c) 1.0
mmol FAL, 25 umol catalyst, 2 mL isopropanol, 130 °C, 3 h; (d) 1.0 mmol FAL,
25 pmol catalyst, 2 mL solvent, 1 MPa H,, 130 °C, 3 h.

To obtain more insight into the hydrogenation reaction over
ZJU-199-350, the kinetic behaviors were subsequently studied
(Figure 6a). The reaction performed at low temperature of 100-
130 °C achieved low conversions of FAL, which are beneficial
for the calculations of TOF and initial reaction rates (ro) of the
reaction. On the basis of the ry at different temperatures, the
apparent activation energy (E,) for ZJU-199-350 was estimated
to be 57.4 kJ/mol, calculated based on the Arrhenius plot. This
value is higher than the FAL adsorption energy (<30 kJ/mol),
indicating that the reaction was controlled by the surface
kinetics.®® The high E, value indicates that there is strong
interaction between FAL molecules and copper sites, which
could assist the adsorption and activation of FAL to promote the
hydrogenation reaction. Meanwhile, the strong FAL adsorption
over copper catalysts could be greatly diminished by raising the
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reaction temperature, and thus to greatly increase the reaction
rate.
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Figure 6. Kinetic studies of FAL hydrogenation over ZJU-199-350 catalyst: (a)
reaction rates of ZJU-199-350 at different temperatures (the inset represents
the Arrhenius plot for the FAL hydrogenation). Reaction conditions: 2.5 mmol
FAL, 5 mL isopropanol, 25 umol catalyst, 1 MPa H,, 100-130 °C, 2 h. (b) The
recyclability of ZJU-199-350 for the hydrogenation of FAL. Reaction
conditions: 1.0 mmol FAL, 25 umol catalyst, 2 mL isopropanol, 1 MPa H,, 130
°C, 3h.

We further evaluated the stability and recyclability of ZJU-
199-350 for the FAL hydrogenation reaction. The catalyst
showed stable activity and selectivity for five successive runs in
the FAL hydrogenation (Figure 6b). FT-IR spectrum of the spent
catalyst demonstrated that the organic framework was well
preserved after catalysis, and no obvious metal leaching was
found as revealed by ICP-OES (Figure S28 and Table S3).
Compared with the fresh ZJU-199-350, the spent catalyst
exhibits similar XRD profile (Figure S29). XPS results showed
that the Cu" content slightly decreased after catalysis, indicating
that partial Cu"" species was reduced during the hydrogenation
reaction (Figure S30). It is worth noting that no obvious particle
agglomeration, phase separation or core-shell Cu/Cu,O
heterojunction formation was observed in the spent ZJU-199-
350, indicating the important roles of the organic framework
matrices on stabilizing the Cu/Cuz0 heterostructures by serving
as the physical barriers (Figure S31).
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Conclusion

In summary, we successfully regulated the particle sizes, phase
compositions and nanostructures of the encapsulated Cu/Cu,O
nanojunctions in organic frameworks derived from Cu-MOFs by
tuning the ligand structures and pyrolytic conditions. Promotion
of the polymerization degree of decarboxylated organic moieties
was achieved by introducing exocyclic acrylate groups in organic
linkers of Cu-MOFs. The highly polymerized porous organic
matrices could efficiently prevent the agglomeration of in situ
generated NPs under annealing conditions, which formed stable
Cu/CuOy nanojunctions with abundant accessible interfaces
inside porous organic matrices. The facilely prepared
Cu/Cu,O@organic framework composite material ZJU-199-350
exhibits superior catalytic activity, selectivity and stability in
hydrogenation of FAL into FOL. This work provides a unique
perspective for the generation of accessible metal/metal oxide
nanojunctions inside organic frameworks derived from MOFs for
highly efficient heterogeneous catalysis.
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