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Metal-Organic Framework-Templated Catalyst: Synergy in
Multiple Sites for Catalytic CO, Fixation

Meili Ding,” Si Chen,” Xiao-Qin Liu,” Lin-Bing Sun,” Junling Lu,” and Hai-Long Jiang*® "

The types and quantities of active sites play a critical role in
catalysis. Herein, ZnO nanoparticles encapsulated into N-doped
porous carbon has been rationally prepared by the pyrolysis of
a metal-organic framework (MOF) followed by a moderate oxi-
dation treatment. The resulting catalyst exhibits excellent activ-
ity, selectivity, and recyclability in the CO, cycloaddtion reac-
tions with epoxides owing to the synergy of multiple sites in-
herited from the MOF and generated by the oxidation process.

In recent years, ocean acidification, global warming, and many
environmental issues caused by greenhouse gases (GHGs)
have attracted growing attention. As the primary source of
GHGs, CO, comes mainly from the burning of fossil fuels and
its concentration was reported to be over 400 ppm in atmos-
pheric air by 2015." On the other hand, CO, is actually an eco-
nomical, abundant, renewable, and nontoxic C1 source provid-
ing value-added chemicals, such as formic acid, cyclic carbon-
ate, and carbon monoxide.” One of the main challenges for
CO, utilization is the high kinetic and thermodynamic stability
of the CO, molecule, which requires a large amount of energy
to activate.”™? |n this context, the concentrated CO, mole-
cules around active sites would facilitate its conversion. There-
fore, it is highly desirable to develop cost-effective and effi-
cient strategies to integrate CO, capture and conversion (C3).

Among various strategies developed for the catalytic CO,
transformation, the cycloaddition of CO, and epoxides to cyclic
carbonates is very promising, not only because of its atom
economy and green chemistry but also owing to the high
valued-added products.”! So far, different types of catalysts
were reported for the CO, cycloaddition reaction, for example,
metal complexes, ionic liquids, and alkali metal salts.?* In ad-
dition, compared with traditional homogeneous catalysts, the
heterogeneous catalysts, such as metal-organic frameworks
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(MOFs) and porous polymers, are attracting great interest on
account of the bifunction of CO, capture and simultaneous
catalytic conversion.”*% |n contrast, porous carbons possess-
ing high surface area, excellent stability, and low density, are
promising candidates but rarely reported for catalytic CO, con-
version. The major reasons behind this should be the lack of
active sites and the weak interactions between CO, molecules
and carbon materials. To address these issues, three character-
istics of carbon materials are of great importance: i) a moder-
ately high surface area with suitable pore sizes would be bene-
ficial to the exposure of active sites and transport of reaction
substrates/products; ii) polar functional sites/groups grafted
onto the pore walls are desirable to improve the interaction
between the framework and CO, molecules;"” iij) active sites
available for substrates and CO, are necessary. Based on previ-
ous reports, different acids, such as phenolic hydroxyl and car-
boxyl groups, ZnO species, etc., and Lewis bases such as pyri-
dinic N, can be effective active sites.*“® Particularly, the inte-
gration of acid and base sites into a single catalyst is favorable
for the conversion of CO, by cycloaddition.®

On the other hand, MOFs have been demonstrated to be
ideal templates/precursors to afford uniform metal (oxide) par-
ticles distributed throughout porous carbon with high surface
areas by facile pyrolysis.*"® Among all MOFs, ZIF-8 (also called
MAF-4, Zn(MelM),, MelM = 2-methylimidazole)'” as a represen-
tative MOF, possesses an intersecting 3D structure with pore
size of 11.6 A, high N content, ZnN, node, and large Brunauer-
Emmett-Teller (BET) surface area (1413 m?g™"), which has been
widely used as template and precursor to prepare N-doped
porous carbon or carbon-based composites for diverse applica-
tions, particularly in catalysis."”

Bearing the above points in mind, the generation of multi-
components in the resulting composite from ZIF-8 pyrolysis
might evoke a synergetic effect between the components and
endow the catalyst with superior catalytic performance for the
CO.-fixation reaction. Herein, the ZIF-8 precursor was pyrolyzed
and subsequently oxidized by sodium hypochlorite to produce
ZnO nanoparticles (NPs) encapsulated into N-doped porous
carbon (ZnO@NPC-Ox) (Scheme 1), which includes carboxylic
acid, phenol, and lactone functional groups on the surface of
the porous carbon, given the moderate oxidation ability of
sodium hypochlorite."” Remarkably, the resultant composite
exhibits efficient conversion toward CO, cycloaddition under
mild conditions (60°C, 0.1 MPa CO,), on account of the syner-
getic effect of multiple catalytic sites involving ZnO species,
pyridinic N, hydroxyl, and carboxyl groups in the oxidative
porous carbon matrix (Scheme 1).

The ZIF-8 nanocrystals were synthesized by simply stirring
a mixture of Zn(NO,),-6H,0 and 2-methylimidazole in metha-
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Scheme 1. lllustration showing the preparation of ZIF-8-templated
ZnO@NPC-Ox toward CO, cycloaddition with epoxides.

nol at room temperature. The obtained ZIF-8 as both a tem-
plate and a precursor underwent pyrolysis at different temper-
atures in N, atmosphere to afford the ZnO NPs encapsulated
into N-doped porous carbon (denoted ZnO@NPC-T, with T
representing the pyrolysis temperature, T=700, 800, 900, or
1000°C), which were further oxidized by NaClO to give
ZnO@NPC-Ox-T.

The phase purity of ZIF-8 was confirmed by powder X-ray
diffraction (PXRD) (Figure S1 in the Supporting Information).
Upon pyrolysis, the PXRD patterns of all products show a weak
broad peak at approximately 25°, which should be assigned to
the typical (002) diffraction of graphitic carbon. The rest of the
identifiable peaks in the pyrolysis products obtained at 700
and 800°C can be indexed to wurtzite (ZnO, JCPDS NO. 36-
1451) (Figure S2). In contrast, the corresponding peaks of ZnO
species were not present in the products at 900 and 1000°C
because ZnO could be reduced by carbon to generate evapo-
rative Zn at such high temperatures.”>®*'? After the oxidation
treatment with NaClO, the intensity of the PXRD peaks indexed
to ZnO species significantly decrease in ZnO@NPC-Ox-700 and
the peaks almost disappeared in ZnO@NPC-Ox-800 (Figure 1a).
The porous character and surface area of all materials were in-
vestigated by N, sorption at 77 K. The original ZIF-8 shows rel-

atively high surface area (1235 m?g™") and microporous charac-
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Figure 1. a) PXRD patterns of ZnO@NPC-Ox-T composites (T= 700, 800, 900,
or 1000 °C). b) FTIR spectra of ZnO@NPC-700 and ZnO@NPC-Ox-700 cata-
lysts. ¢) TEM and d) HRTEM images of ZnO@NPC-Ox-700. Inset in c): enlarged
single ZnO@NPC-Ox-700 particle.
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ter (Figure S3). Upon pyrolysis, the resultant porous carbon
composites partially inherit the pore character of ZIF-8 with rel-
atively high BET surface area (403-1963 m*g~', Figure S4a).
The BET surface area of ZnO@NPC-Ox-T significantly decreases
compared to the above composites, owing to the oxidation of
the carbon matrix (Figure S5a). Moreover, the pyrolysis temper-
ature is crucial to the BET surface area of the composites
before and after the oxidation treatment. In addition, the
steep rise of the sorption curves and the hysteresis loop at rel-
atively high pressure (P/P,=0.9-1.0) manifest the presence of
mesopores and macropores in these materials, which were fur-
ther verified by the pore-size distribution analysis based on the
density functional theory (DFT) method (Figure S4 and S5). To
demonstrate the reproducibility of these samples, three batch-
es of ZnO@NPC-Ox-700, as a representative sample, were in-
vestigated and they displayed almost the same pore structures
and properties (Figure S6). Although the BET surface areas of
ZnO@NPC-Ox-T were not very high (77-150 m?g™"), the hier-
archical pores, especially macropores, are suited to expose the
catalytic sites and transfer substrates and products. Based on
the porosity and the suspended polar functional groups (hy-
droxyls and carboxyls) on the pore walls, the oxidized products
exhibit moderate CO,-uptake capacity (20-34 mgg™') at 273 K
(Figure S7), which would be important for the subsequent CO,
cycloaddition reaction.

The successful introduction of oxygen surface groups on
ZnO@NPC-Ox was confirmed by Fourier transform infrared
(FTIR) spectroscopy, with ZnO@NPC-Ox-700 as representative
sample (Figure 1b). The broad peak at 3400 cm™' corresponds
to the stretching vibration of the O—H bonds from hydroxyl
and carboxyl groups,**® which were absent in the spectrum
of ZnO@NPC-700. The C=0 stretching band of lactone is ap-
proximately 1820 cm™' and the strong peak at 1650 cm™ is
also attributed to the vibration of C=0.""9 The band at
1600 cm ' is assigned to the vibration of carbon skeleton.**>9
In addition, the characteristic peaks at 1420, 1368, 1100, and
1048 cm™' of ZNO@NPC-0x-700 come from the C—O stretching
(carboxyl), O—H deformation, C—O—C stretching (lactone), and
C—0 stretching (alkoxy), respectively."®*9 In contrast to
ZnO@NPC-Ox-700, the carbon composite oxidized by HNO;
(ZnO@NPC-700-HNO,) shows a peak around 1725 cm™' assign-
able to the stretching vibration of C=0 (carboxyl) (Fig-
ure 58).%¢dl AJ| of these observations reveal that the oxidation
from sodium hypochlorite results in carboxylic acid, phenol,
and lactone functional groups on the pore surface of
ZnO@NPC-Ox-700 and the main functional group in
ZnO@NPC-700-HNO; is carboxyl, all of which are consistent
with previous reports.!"'¥

The morphology and microstructure of ZIF-8, the porous
carbon composites, and their oxidized products were ob-
served, with ZnO@NPC-700 and ZnO@NPC-Ox-700 as the rep-
resentative samples, respectively, by SEM and TEM. In compari-
son with the polyhedral ZIF-8 nanocrystals in 70-80 nm,
ZnO@NPC-700 and its oxidized product retain the morphology
of ZIF-8 with slightly reduced sizes (~50 nm) (Figure S9). The
TEM and high-resolution TEM (HRTEM) images demonstrate
that the ZnO NPs are well dispersed within ZnO@NPC-Ox-700
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with average sizes of approximately 3 nm (Figure 1¢,d). The
lattice fringes with an interplanar spacing of 0.26 nm corre-
spond to the (002) plane of ZnO, which is consistent with the
PXRD results (Figure 1a).

To further understand the existing form of the Zn and N spe-
cies in ZnO@NPC-Ox-T composites, X-ray photoelectron spec-
troscopy (XPS) was investigated. The high-resolution XPS spec-
tra for N1s reveal two types of N species in ZnO@NPC-Ox-T
(T=700, 800): pyridinic N (398.7 eV) and pyrrolic N (400.3 eV)
(Figures 2a and S10a).%*™ When the calcination temperature

pyridinic N| b Zn2p,,

Zn2p,,

Intensity
Intensity

pyrrolic N

404 402 400 398 396 1050 1040 1030 1020
Binding energy / eV Binding energy / eV

Figure 2. XPS spectra of high-resolution a) N 1s and (b) Zn 2p for ZnNO@NPC-
Ox-700.

was further elevated, the most stable nitrogen (graphitic N) ap-
pears and increases, accompanying with the decrease of the
overall N content (from 11.18 wt% in ZnO@NPC-Ox-700 to
4.19 wt% in ZnO@NPC-Ox-1000) (Figure S10b,c and Table S1).
The Zn2p spectra in all ZNO@NPC-Ox samples show similar
peaks, suggesting their similar chemical states (Figure 2b and
S11). The two broad peaks at 1021.8 and 1044.5 eV can be as-
signed to Zn2ps, and 2p,,, respectively.”’ The peak distance
of 22.7 eV is similar to that reported for ZnO and the content
of Zn dramatically decreased with the increase of pyrolysis
temperature, which is also supported by the above-mentioned
PXRD results (Figure 1a).

Encouraged by the multiple catalytic sites and hierarchical
pores in ZnO@NPC-Ox, CO, cycloaddition with styrene oxide
was first chosen as a model catalytic reaction to evaluate the
catalytic properties of the composites (Table 1). Among all
ZnO@NPC-Ox samples, ZnO@NPC-Ox-700 possesses the high-
est conversion (98 %) and selectivity (100%), in the presence of
tetrabutyl ammonium bromide (TBAB), to give the target prod-
uct phenylethylene carbonate under mild conditions (60°C,
0.1 MPa CO,) (entries 1-4). The catalytic efficiency of different
batches of ZNO@NPC-Ox-700 was almost the same, suggesting
the reproducible activity (Table S2). Evidently, the presence of
ZnO and high-content pyridinic N in ZnO@NPC-Ox-700 are re-
sponsible for the efficient conversion (Figure 2 and Table S1),
whereas pyrrolic and graphitic N are almost inessential be-
cause of the lack of Lewis basicity.®® We need to stress that
both the catalyst and co-catalyst (TBAB) are indispensable for
the efficient conversion of CO, (Table 1, entries 5-6). In refer-
ence to TBAB, tetrabutyl ammonium chloride (TBAC) only leads
to 34% conversion, probably because the strong constraint of
the quaternary ammonium ion for the chloride ion with small
radius (entry 7). Unexpectedly, when ZIF-8 and TBAB were
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Table 1. Catalytic CO, cycloaddition reaction of styrene oxide under
different conditions.”

[}

0 oK
e}
O e —

Entry Catalyst Con."! [9%)] Sel.! [%]
1 ZnO@NPC-Ox-700 + TBAB 98 100
2 ZnO@NPC-Ox-800 + TBAB 94 100
3 ZnO@NPC-0x-900 + TBAB 89 100
4 ZnO@NPC-Ox-1000 + TBAB 87 100
5 TBAB 14 100
6 ZnO@NPC-Ox-700 <1 100
71 ZnO@NPC-0Ox-700 4+ TBAC 34 100
8 ZIF-8 + TBAB 16 100
9 ZnO@NPC-700 + TBAB 77 100
10 ZnO+TBAB 43 100
11 ZnO@NPC-Ox + TBAB 85 100
1210 ZnO@AC + TBAB 59 100
139 NPC-Ox-700 + TBAB 50 100
14 ZnO@NPC-700-HNO, + TBAB 56 100
150 ZnO@NPC-Ox-700-HNO; + TBAB 58 100
[a] Reaction conditions: 1 mmol styrene oxide, 50 mg catalyst, 0.2 mmol
TBAB, 2 mL acetonitrile, 0.1 MPa CO,, 60°C, 2 d. [b] Determined by GC
and using n-dodecane as standard. [c] 0.2 mmol TBAC. [d] Catalyst:
6.9 mg ZnO pyrolyzed from ZIF-8 in air (calculated by the actual content
of Zn in ZnO@NPC-0x-700). [e] Catalyst: 50 mg ZnO@NPC-Ox. [f] Catalyst:
50 mg ZnO@AC. [g] Catalyst: 43.1 mg NPC-Ox-700. [h] Catalyst: 50 mg
ZnO@NPC-700-HNO;,. [i] Catalyst: 50 mg ZnO@NPC-Ox-700-HNO;.

1900

used, the conversion (16%) was almost similar to the that of
pure TBAB (14 %), indicating the low reactivity of ZIF-8 under
such conditions (entry 8), possibly owed to the lack of suffi-
cient active sites and/or the small apertures of ZIF-8 (3.4 A).
Notably, although ZIF-8 might be able to host larger molecules
than its pore aperture owing to the mobility of linkers, the re-
action would be considerably restricted because of the low dif-
fusion rates."”” To demonstrate the significance of multiple cat-
alytic sites in ZNO@NPC-Ox-700, control experiments were con-
ducted. As expected, when ZnO@NPC-Ox-700 was replaced by
ZnO@NPC-700 or ZnO pyrolyzed from ZIF-8 in air, the conver-
sion of substrates sharply lowered to 77 and 43 %, respectively
(entries 9-10, Figure S13). As only two types of active sites in
ZnO@NPC-700 (pyridinic N and ZnO) and the single active site
in pure ZnO, these results reflect the contribution of hydroxyl,
carboxyl, and pyridinic N sites to CO, fixation. In addition, the
benefits of ZnO obtained by pyrolysis of ZIF-8 over concen-
tional ZnO encapusulated into porous carbon have been fur-
ther illustrated by control experiments with ZnO@NPC-Ox and
ZnO@AC (AC=activated carbon) catalysts (see Experimental
Section; Figure S14). These two catalysts present 85 and 59%
yields (entries 11-12), respectively, in reference to the higher
yield of ZnO@NPC-Ox-700 (entry 1). Therefore, the ZnO ob-
tained by pyrolysis of ZIF-8 possesses superior activity than the
conventional ZnO encapsulated into porous carbon, possibly
owing to the small sizes, good dispersity, and interactions be-
tween ZnO and diverse functional groups on the surface of
ZnO@NPC-Ox-700. Interestingly, the activity of ZnO@AC
(entry 12) is slightly higher than ZnO (entry 10), which is proba-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemsuschem.org

.@’* ChemPubSoc
ey Europe

bly because of the aggregation of ZnO NPs in the latter. When
NPC-Ox-700 was employed as a catalyst, approximately 50%
substrate could be converted to the target product, demon-
strating that the NPC-Ox-700 support is also active for the CO,
cycloaddition of styrene oxide (entry 13, Figure S15).

To understand the critical step of the mild oxidation,
ZnO@NPC-700 was oxidized in 1M HNO; solution to give
ZnO@NPC-700-HNO;. This strong oxidation treatment mainly
results in carboxylic acids on the pore surface of carbon and
most of ZnO in the carbon would be etched off, supported by
the above-mentioned FTIR results, the disappearance of PXRD
peaks for ZnO and the result of inductively coupled plasma
atomic emission spectroscopy (ICP-AES) (Figures S8 and S16,
and Table $3).""" Unfortunately, the resultant product showed
only 56% conversion after 2 days under similar conditions
(Table 1, entry 14). For further comparison, the ZnO@NPC-Ox-
700 was also treated in 1M HNO; solution to give ZnO@NPC-
Ox-700-HNO,. Such treatment results in not only the disap-
pearance of the PXRD characteristic peaks of ZnO but also the
reduced conversion to 58% (Table 1, entry 15, Figure S16, and
Table S3). These results imply that the great activity of
ZnO@NPC-Ox-700 is ascribed to the synergy of the multiple
catalytic sites involved and that NaClO is an ideal oxidant for
the post-synthetic oxidation compared to a traditional strong
oxidant such as HNO;. In addition to the activity, as a heteroge-
neous catalyst, ZnO@NPC-Ox-700 can be readily separated
from the reaction system by simple filtration. Remarkably, both
conversion and selectivity of the catalyst remain almost un-
changed during the ten runs of circulation (Figure 3). More-
over, the PXRD pattern of ZnO@NPC-Ox-700 demonstrates the
retained structural integrity after recycling (Figure S17).

To further examine the general application of ZnO@NPC-Ox-
700 catalyst, various epoxides were investigated for the CO,
cycloaddtion reaction. In consideration of the low boiling point
of 1,2-epoxypropane and 1,2-epoxybutane, both of them were
converted at relatively low temperatures. All these epoxides
with different substituent groups gave good to excellent con-
version and high selectivity (Table 2). Owing to the low reac-
tion temperature, the catalytic efficiency was a little lower than
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Figure 3. Conversion (blue column) and selectivity (red column) of
ZnO@NPC-0Ox-700 toward CO, cycloaddition with styrene oxide during
ten consecutive runs.
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Table 2. CO, cycloaddition with epoxides substituted with different
functional groups over ZnO@NPC-Ox-700.”!
(0]
P
&/R + o, QP
R

Entry Substrate TI°C] t [d] Con.®! [%] Sel.®! [%]

o)
1 % 25 3 85 100

o]
2 AN 45 3 90 100

o}
3 L _cl 60 1 94 >99

o}
4 " 60 1 95 100

o]

5 ©/ o g 2 >99 100
[a] Reaction conditions: 1 mmol substrate, 50 mg ZnO@NPC-Ox-700,
0.2 mmol TBAB, 2 mL acetonitrile, 0.1 MPa CO,. [b] Determined by GC and
using n-dodecane as a standard.

that of styrene oxide (entries 1-2). The cycloaddtion of all the
epoxides with electron-withdrawing substituents (—Cl, —Br, and
—OPh) proceeds more efficiently than for styrene oxide (en-
tries 3-5). That is probably because the C—O bonds of these
substrates are weaker than that of styrene oxide caused by the
conjugation between epoxy group and benzene ring.

As mentioned above, extensive efforts have been devoted
to CO, cycloaddition reaction.*®9 Therefore, it would be nat-
ural to compare the catalytic performance of ZnO@NPC-Ox-
700 with the corresponding systems involving catalysts with
porous carbons, ZIFs and MOFs, etc. As shown in Table S4, the
reactions over porous carbons, ZIFs, and MOFs mostly require
harsh conditions and high energy (relatively high temperature
and/or CO, pressure). Moreover, some catalysts like MOF-5 are
sensitive to moisture/water or/and a few ligands of MOF cata-
lysts are expensive, which are unfavorable for practical applica-
tions. In contrast, ZnO@NPC-Ox-700 based on inexpensive raw
materials requires mild catalytic reaction conditions and exhib-
its high catalytic performance and superb stability (Figure 3
and S17).

On the basis of these catalytic results, we proposed the reac-
tion mechanism as follows: As displayed in Scheme S1 to S3,
the C—O bond of the epoxide can be first polarized by the
phenolic hydroxyl groups, carboxylic acid or the Zn’* of ZnO
(different acid sites).® At the same time, CO, can be activated
by the pyridinic N or the 0?~ of ZnO (Lewis base sites).l°
Then, the heterolysis of the C—O bond occurs by the nucleo-
philic attack of the halide anion on the less sterically hindered
carbon atom of the epoxide. Subsequently, the carbon atom of
CO, is attacked nucleophilically by the ring-opened intermedi-
ate. Finally, the internal nucleophilic attack of the ring-opened
intermediate results in the formation of cyclic carbonate with
the regeneration of the catalyst and co-catalyst.

In summary, the ZnO@NPC-Ox (NPC: N-doped porous
carbon) composites were rationally synthesized by the pyroly-
sis of the metal-organic framework ZIF-8 at different temper-
atures in N, atmosphere and subsequently oxidized with a
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moderate oxidant, sodium hypochlorite. In contrast to a tradi-
tional oxidant like HNO;, the moderate oxidation not only re-
sults in different functional groups on the surface of carbon
but also avoids etching off important components like ZnO,
eventually offering the oxidized porous carbon with multiple
catalytic sites (ZnO, pyridinic N, hydroxyl, carboxyl, etc.). Based
on the synergy of the different types of catalytic sites and the
porosity inherited from ZIF-8, the optimized catalyst,
ZnO@NPC-0x-700, exhibits excellent activity, selectivity, stabili-
ty, and recyclability toward the CO, cycloadditon reactions
with diverse epoxides under mild conditions. Given the struc-
tural diversity and tailorability of MOFs, this synthetic approach
would open up an avenue to the design of advanced porous
composites involving multiple sites for diverse applications, es-
pecially in catalysis.

Experimental Section
Preparation of catalysts

Synthesis of ZIF-8 nanocrystals: ZIF-8 nanocrystals were prepared
according to a previous literature report with minor modifica-
tions."® Typically, Zn(NO,),-6 H,0 (1.68 g, 5.65 mmol) was dissolved
in methanol (80 mL). Then a mixture of 2-methylimidazole (3.70 g,
45 mmol) and methanol (80 mL) was added to the above solution
and stirred for 24 h at room temperature. The precipitate was sep-
arated by centrifugation, then washed with methanol three times,
and soaked in fresh methanol for one day. Finally, the ZIF-8
powder was obtained by centrifugation, washed with methanol
three times, and dried overnight at 60°C in vacuum.

Synthesis of ZnO@NPC: The activated ZIF-8 powder (500 mg) was
pyrolyzed at different temperatures (700, 800, 900, 1000°C) for 2 h
at a heating rate of 5°Cmin~" under a nitrogen flow of about
60 mLmin~". Finally, the resulting product was obtained by cooling
down to room temperature naturally.

Synthesis of ZnO@NPC-Ox: The above-obtained ZnO@NPC
(100 mg), deionized water (10 mL), and sodium hypochlorite
(14.5% available chlorine, 2.5 mL) were added into a 50 mL round-

' CHEM:!USCHEM
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Synthesis of ZNO@NPC-Ox and ZnO@AC: Typically, the mixture of
NPC-Ox-700 or activated carbon (AC, 200 mg), Zn(NO,),-6H,0
(118 mg, 0.396 mmol) (the same Zn?>" content as that in
ZnO@NPC-0x-700), and ethanol (1 mL) was stirred at room temper-
ature for 1 h. Then, ethanol was evaporated under vacuum at 70°C
for 1h and the dried powder was subsequently pyrolyzed at
400°C for 3 h at a heating rate of 5°Cmin~' under a N, flow of
~60 mLmin~". The product was obtained by cooling down to
room temperature naturally.

Catalytic performance evaluation

Cycloaddtion of CO, and epoxide: Typically, a mixture of catalyst
(50 mg), TBAB (65 mg, 0.2 mmol), acetonitrile (2 mL), and epoxide
(1 mmol) was added into a 5 mL round-bottom flask, which was
connected to a CO, balloon. Then, the mixture was stirred at 60 °C
for 2 days.

Recyclability investigation for ZnO@NPC-Ox-700 catalyst: After
the cycloaddtion reaction of CO, and styrene oxide for 2 days, the
catalyst (ZnO@NPC-Ox-700) was separated by filtration, washed
with methanol several times, and dried overnight at 60°C in
vacuum. After that, the catalyst was used for another cycloaddtion
of CO, and styrene oxide. This procedure was conducted up to ten
times to examine the recyclability of ZnO@NPC-Ox-700.
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