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Epoxides are versatile intermediates in the production of a diverse set of chemical products. The direct
epoxidation of alkenes using O, represents an environmentally friendly and economical process to
replace the use of expensive H,O, or organic peroxides for the synthesis of epoxides. Herein, single-
atom Co anchored on N-doped carbon supports with a multiscale porous structure (Co;/NC-h) has
been successfully constructed by etching CoZn-ZIF metal-organic framework precursors before

a carbonation process. Benefitting from the high intrinsic activity of Co—N, active sites and the more
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epoxidation of cyclooctene with 95% yield of 1,2-epoxycycloheptane at 140 °C and 0.5 MPa O,. This

DOI: 10.1039/d1ta09227h research opens up opportunities for designing high-performance single-atom catalysts towards

Published on 15 December 2021. Downloaded on 6/23/2024 2:51:49 PM.

rsc.li/materials-a

Introduction

Alkene epoxidation is an important fundamental and industri-
ally applicable chemical process to yield epoxides, which are
versatile intermediates with an annual production of multi-
million tons from a wide range of synthetic routes."* Gener-
ally, hydrogen peroxides (H,O,, tert-butyl hydroperoxide, etc.)
are used as terminal oxidants to achieve alkene epoxidation
with various homogeneous and heterogeneous transition metal
catalysts.>'® However, the extensive use of peroxides inevitably
leads to an increase in the costs. As a result, the direct selective
formation of epoxides using O, is a cost-effective and environ-
mentally friendly strategy."'> However, this ideal process is still
challenging with respect to both activity and selectivity.
Recently, various polyoxometalates, transition metal
compounds, and Au-based heterogeneous catalysts have been
developed to achieve alkene epoxidation.™™® Unfortunately,
these catalytic systems have not been verified in industrial
applications. Also, only the epoxidation of ethylene can be
realized using O,.*° Therefore, to find efficient heterogeneous
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applications in diverse heterogeneous catalysis.

catalysts which could be suitable for practical applications is of
great significance.

Owing to the unique atom utilization and satisfactory
selectivity, the application of single-atom catalysts has received
growing attention.*"* Lately, carbon-based materials have been
proven to be an enormous family of single-atom catalysts
because of their specific features including superb chemical
and mechanical stability, high specifical surface properties and
area, low production cost, easy handling, and so on.*?°
Inspired by their behaviours in catalysing peroxide activation
and efficiencies in advanced oxidation processes, carbon-based
single-atom catalysts provide a promising opportunity for effi-
ciently activating O, for alkene epoxidation. Particularly, tran-
sition metal (M)-nitrogen carbon materials with atomically
dispersed M-N, active sites are considered as the most
encouraging breakthrough case owing to their widely proven
capacity to effectively active O, in various oxygen reduction
reactions.>** Generally, metal-organic frameworks (MOFs) as
precursors with specific morphologies can assist the prepara-
tion of carbon-based single-atom catalysts via a carbonization
process at high temperature (>700 °C).**** However, the
internal diffusion of reactants in these catalysts is inevitably
weakened by the narrow passage in heterogeneous catalysis. As
a result, only <10% of the M-N, sites in carbon-based single-
atom catalysts are involved in catalytic reactions.***> More-
over, this phenomenon is further exacerbated in liquid
heterogeneous catalysis with relatively large reactant molecules.
Therefore, constructing multiscale porous structures is partic-
ularly desirable for carbon-based single-atom catalysts to ach-
ieve the efficient utilization of the M-N, moieties, consequently
resulting in the improvement of their catalytic ability.

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Schematic diagram of the preparation of the Co;/NC and
Co1/NC-h catalysts.

Herein, single-atom Co anchored on nitrogen-doped multi-
scale porous carbon (Co;/NC-h) with more exposed active sites
has been successfully prepared to achieve high intrinsic activity
for alkene epoxidation with O,. The multiscale porous structure
was constructed by etching CoZn-ZIF MOF precursors before
the carbonation process. For cyclooctene epoxidation, Co;/NC-h
catalysts with a multiscale porous structure obtained a 95%
yield of 1,2-epoxycycloheptane at 140 °C and 0.5 MPa O,.
Mechanism studies revealed that the Co-N, active sites
exhibited a high intrinsic activity for epoxidation, while the
constructed multiscale porous structure could facilitate the
exposure of more Co-N, sites in the multiscale pores of cata-
lysts. Therefore, the catalytic activity of Co,/NC-h was greatly
improved.

Results and discussion
Preparation of the Co,/NC-h and Co,/NC catalysts

The single-atom Co,/NC catalysts were synthesized according to
previous reports.** Initially, CoZn-ZIF with a 1 : 1 molar ratio
of Co: Zn (Fig. S1, S2a and b¥) were obtained as a precursor,
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which could assist the formation of commonly used single-
atom Co,/NC catalysts. Then, the preparation process of
single-atom Co,/NC-h catalysts was modified with a pre-etching
process of CoZn-ZIF precursors as shown in Scheme 1. For
a typical etching process, the CoZn-ZIF precursors were re-
dispersed in DMF and then treated at 140 °C to yield the
CoZn-ZIF-h precursors. Determined by inductively coupled
plasma mass spectrometry, the concentrations of free Co>" and
Zn*" ions in the DMF solution were 5.0 and 10.0 mg L™ after
24 h etching, respectively, revealing that the CoZn-ZIF precur-
sors were partially dissolved under the treatment conditions.
The rough surface of CoZn-ZIF-h further indicated the creation
of large macropores in the treated ZIF in comparison with the
smooth surface of the fresh CoZn-ZIF (Fig. S2c and d¥). Notably,
the phase of the treated CoZn-ZIF was well preserved during the
etching process (Fig. S11). Thus, the phase and coordination
environment of Co were unalternated in CoZn-ZIF-h. With the
same carbonization, single-atom Co,/NC-h catalysts with
a multiscale porous structure were synthesized.

Then, the morphology of carbon-based single-atom catalysts
was characterized by using a scanning electron microscope
(SEM) and transmission electron microscope (TEM). Compared
with CoZn-ZIF precursors, the as-prepared Co,/NC catalysts
retained the initial octahedral shape (Fig. 1a). Particularly, no
Co nanoparticles were observed both on the surface and/or in
the bulk of the Co,/NC catalysts from the SEM (Fig. 1a) and dark
field TEM images (Fig. 1b). Meanwhile, the X-ray diffraction
(XRD) pattern for Co;/NC showed no characteristic peaks of Co
or cobalt oxide crystals (Fig. S31). However, inductively coupled
plasma mass spectrometry (ICP-MS) confirmed that the content
of Co was 1.2 wt% in the Co;/NC catalysts. The distribution of
the Co element was well consistent with the C and N elements

Fig. 1 Characterization of catalysts. (a) SEM and (b) dark field TEM images of Co;/NC. (c) EDS mapping of Co;/NC. (d) HAADF-STEM image of
Co1/NC. (e) TEM and (f) HAADF-STEM images of Co/NC-h. TEM images of the (g) Co/NC and (h) NC catalysts.
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from the energy dispersive spectroscopy (EDS) mapping anal-
ysis, revealing that the Co atom was highly distributed on the N-
doped carbon supports (Fig. 1c). Meanwhile, according to the
image from the aberration corrected high-angle annular dark-
field scanning transmission electron microscope (HAADF-
STEM), the brighter spots were assigned to the Co atoms,
further exhibiting the atomic dispersion on the Co,/NC catalysts
(Fig. 1d). Therefore, single-atom Co anchored on the N-doped
carbon supports could be successfully obtained via the
carbonization of CoZn-ZIF.

Meanwhile, the etched CoZn-ZIF precursors with undes-
troyed phase were also calcined with the same process. TEM
images revealed that the as-synthesized Co,/NC-h catalysts also
exhibited an approximate octahedral shape but with obvious
irregular porous features (Fig. 1e), compared with the surface of
Co,4/NC catalysts. Also, a relatively rough surface of Co;/NC-h
catalysts was observed from the SEM image, compared with
the surface features of Co;/NC (Fig. S4t). Thus, some macro-
pores were formed on the Co,/NC-h catalysts. As for Co,/NC
catalysts, the Co nanoparticles were also not revealed from the
TEM image (Fig. 1e) and XRD pattern (Fig. S31). Meanwhile, the
atomically dispersed Co atom in the Co,/NC-h catalysts could be
confirmed by combining the results of HAADF-STEM (Fig. 1f).
ICP-MS analysis suggested a Co percentage of 1.1 wt% in Co,/
NC-h.

The pore distribution of the Co;/NC and Co,/NC-h catalysts
was further analyzed by the Brunauer-Emmett-Teller (BET)
method. As shown in Fig. 2a, the N, adsorption-desorption
curves revealed that the adsorption capacity of the Co;/NC
catalysts was higher at low pressure and lower at high pressure,
compared with that of Co;/NC-h. Thus, the Co;/NC catalyst has
a larger number of micropores but a smaller number of mac-
ropores than the Co,/NC-h catalysts. Besides, the larger specific
surface of Co,/NC (766 m> g~ ') also proved that it has a larger
number of micropores compared with Co,/NC-h (613 m> g™ ).
As shown in Fig. 2b, the proportion of pores lager than 2 nm was
23.8% on Co,4/NC, which was obviously smaller than that of Co,/
NC-h (45.1%). These characterization results were in accor-
dance with the previous statement that the Co,/NC-h catalysts
exhibited a larger number of relatively large pores. In addition,
the Co;/NC-h catalysts also exhibited a reduced pore size in the
range of 1-2 nm compared with the Co;/NC catalysts (Fig. 2c).
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Fig.2 (a) Adsorption—desorption curves of N, (b) pore volume and (c)
pore size distribution of the Co;/NC and Co;/NC-h catalysts.
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Therefore, the increased number of macropores and the
reduced number of micropores could contribute to the forma-
tion of a multiscale porous structure in the Co,/NC-h catalysts.

Catalytic performance of cyclooctene epoxidation

The epoxidation of cyclooctene was selected as the model
reaction to investigate the catalytic performance of the synthe-
sized catalysts, and the reaction was performed in DMF solution
at 140 °C and 0.5 MPa O,. To highlight the catalytic perfor-
mance of single-atom catalysts, Co nanoparticles anchored on
N-doped carbon (Co/NC, Fig. 1g) and pure N-doped carbon (NC,
Fig. 1h) were also prepared as referenced catalysts via the same
carbonization of Co-ZIF (Fig. S5a and bt) and Zn-ZIF (Fig. S5a
and ct) precursors, respectively. The Co content in Co/NC
catalysts was 49.0 wt%, determined by ICP-MS analysis.
Although the epoxidation of cyclooctene could occur in the DMF
solution without catalysts, the reaction activity was greatly
enhanced with Co-based catalysts (Fig. 3a). After 3 h of reaction,
the Co;/NC-h catalyst obtained a 58% yield of 1,2-epox-
ycycloheptane, which was 4.1, 4.8, 11.6 and 14.5 times higher
than the yield obtained with Co;/NC (14%), Co/NC (12%), and
NC (5%) and without catalysts (4%), respectively. Obviously, the
Co4/NC-h catalysts exhibited the highest catalytic activity for the
epoxidation of cyclooctene.

Meanwhile, the superior catalytic activity of single-atom Co
catalysts would be further demonstrated when normalizing the
reaction rate of cyclooctene epoxidation based on the total
content of Co in each catalyst. As shown in Fig. 3b, the reaction
ratio of Co,/NC catalysts was 30 mmol mmolg, ' h™', which
was 63 times higher than that of Co/NC (0.48 mmol mmol¢, "
h™"). Obviously, the single-atom catalysts exhibited nearly two
orders of magnitude increase in catalytic activity compared with
nanocatalysts. Also, the Co,/NC-h catalysts with a multiscale
porous structure exhibited a further increased reaction rate
from 30 mmol mmolc, " h™ to 106 mmol mmolg, ' h™*.
Therefore, owing to the single-atom Co and the multiscale
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Fig. 3 Catalytic performance of cyclooctene epoxidation. (a) The time
course of conversion of cyclooctene. (b) Catalytic reaction rate of
various catalysts based on each Co atom. Reaction conditions: cata-
lysts (5 mq), cyclooctene (0.5 mmol), DMF (2 mL), 140 °C and 0.5 MPa
02.
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porous structure, the Co;/NC-h catalysts yielded an excellent
catalytic performance for cyclooctene epoxidation with O, as the
oxidant.

Mechanism analysis

Initially, the single-atom Co was considered as the active site for
cyclooctene epoxidation, which could be confirmed via
removing the metal atoms in the Co;/NC-h catalysts. At 80 °C,
single-atom Co in Co,/NC-h was etched with HNO; (5 mol L)
for 12 h. As shown in Fig. 4a, the reaction rate of cyclooctene
epoxidation catalyzed by the HNO; treated Co,/NC-h catalyst
was only 0.006 mmol mL~" h™', which was greatly lower than
that catalyzed by fresh Co;/NC-h (0.048 mmol mL™* h™"), but
similar to the rate without catalysts (0.0052 mmol mL ™" h™%).
Therefore, the critical function of Co atoms in cyclooctene
epoxidation was confirmed.

Except the intrinsically active Co atoms, the different envi-
ronments of Co atoms could also result in totally distinct
catalytic activity between Co/NC and Co,/NC-h. As shown in
Fig. S67 and 4b, the Co/NC catalysts exhibited a similar multi-
scale porous structure and defect of N-doped carbon to those of
Co,/NC-h. However, the different catalytic performance of two
catalysts revealed that other factors such as the differences in
the coordination mode of N atoms could play a crucial role. In
previous reports, the Co-N, active sites have been successfully
confirmed in the single-atom Co-anchored on the N-doped
carbon supports with the same carbonization process.***® For
the Co;/NC-h catalysts, the Co-N, active sites were detected
from the XPS analysis of N 1s peaks (Fig. 4c). The corresponding
valence state of Co atoms was +2 in the Co;/NC-h catalysts
(Fig. 4d). Although the Co-N, active sites were also detected
(Fig. 4c), the fraction of Co® was 27.4% from the XPS analysis of
Co 2p in the fresh Co/NC catalysts (Fig. 4d). As shown in
Fig. S7,7 these metallic Co atoms could be easily oxidized along
with the formation of a Co-O bond during the epoxidation of
cyclooctene.

a
0.05} 0.048 b D-band - pand
~0.04f ~
= S
", 0.03 g
5 z
g 0021 5
3 =

<001y 0.0052 0.006

NC'\" 500 1000 1500 2000 2500 3000

N{on\! falyst® co
coy inout Ca\—\NOE\(ea\ed N Wavelength (cm™)

W

N 15&\5‘ Co/NC-h d
% o

4 ESY T~ TP
X ColNC

. j/ﬁ ;&"*&s&; IWIRE ColNe

396 398 400 402 404 406 770 780 790 800 810
Binding energy (eV) Binding energy (eV)

Intensity (a. u.)
Intensity (a. u.)

Fig. 4 (a) Reaction rate of various catalysts for cyclooctene epoxides.
Reaction conditions: cyclooctene (0.5 mmol), catalysts (5 mg), DMF (2
mL), 140 °C and 0.5 MPa O,. (b) Raman spectral analysis of the Co,/
NC-h, Cos/NC and Co/NC catalysts. XPS analysis of (c) N 1s and (d) Co
2p peaks of the Co1/NC-h, Coi/NC and Co/NC catalysts.
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Therefore, the different fraction of Co-N, active sites in Co,/
NC-h and Co/NC catalysts led to their different catalytic
performance of cyclooctene epoxidation. The O, activation of
the Co-N, and Co-O active sites directly determined the
intrinsic catalytic activity of Co;/NC and Co/NC catalysts. To
explore their intrinsic activity, DFT simulation was employed to
verify the adsorption behavior of O, molecules and reactive
oxygen atoms. As previously reported, a Co atom coordinated
with three N atoms and one C atom (Co-Nj;) was selected as the
model local structure of single-atom Co,/NC-h catalysts, as
referenced from previous reports.***” Meanwhile, the CoO
surface was the model surface owing to the existence of Co>" in
the used Co/NC catalysts from the XPS analysis (Fig. S77). As
shown in Fig. 5a and S8a,f the Co-N; and CoO surfaces
exhibited a similar adsorption strength for O,, resulting in
a similar degree of activation.

During the epoxidation process, the Co active sites could be
occupied by O, molecules (Fig. 5a) to give a Co(u1)OO" superoxo
complex (I), as shown in Fig. S9.1 The superoxo complex facil-
itates interaction with the double bond of the alkene and then
undergoes a migratory insertion to form a cobalt peroxo
complex (II), followed by the formation of a four membered
cyclic radical intermediate (III).'*?**** Finally, the four
membered cyclic radical intermediate reacts with another
alkene molecule to give the epoxide product (Fig. S97). Thus, the
Co-O bond breaking will further affect the desorption of the
cobalt peroxo complex to give the four membered cyclic radical
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Fig. 5 (a) Adsorption behavior of the O, molecule and O atom on the
Co—-Ngz and CoO surfaces. Red: O atom, dark blue: Co atom, and dark
brown: C atom. (b) The consumption rate of 3,5-di-tert-butyl-4-
hydroxytoluene based on Co atoms catalyzed by the Co;/NC-h and
Co/NC catalysts. Reaction conditions: 3,5-di-tert-butyl-4-hydrox-
ytoluene (1 mmol), catalysts (5 mg), DMF (2 mL), 80 °C and 1 MPa O,.
(c) Current as a function of scan rate. (d) The consumption rate of 3,5-
di-tert-butyl-4-hydroxytoluene based on Co atoms catalyzed by the
Coy/NC-h and Co;/NC catalysts. Reaction conditions: 3,5-di-tert-
butyl-4-hydroxytoluene (1 mmol), catalysts (5 mg), DMF (2 mL), 80 °C
and 1 MPa O,.
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intermediate. Due to their different coordination environments,
the O atom exhibited greatly stronger adsorption on the CoO
surface than on the Co-Nj; active sites (Fig. 5a and S8bf).
Therefore, the weak interaction between the O atom and single-
atom Co further improves the desorption of the cobalt peroxo
complex, while the strong adsorption of the reactive O atom on
CoO leads to weak activity for epoxidation.

Meanwhile, 3,5-di-tert-butyl-4-hydroxytoluene was selected
as the model molecule to investigate the generation of reactive
oxygen species. As shown in Fig. 5b, the consumption rate of
3,5-di-tert-butyl-4-hydroxytoluene was 107.7 mmol mmolg, *
h™' for the single-atom Co,/NC-h catalysts, while only
a 1.4 mmol mmolg, ' h™*! consumption rate was obtained with
the Co/NC catalysts under the same reaction conditions. The
huge gap between Co,/NC-h and Co/NC showed that the Co-N,
active sites could generate a larger number of reactive oxygen
species compared with Co-O. Thus, the intrinsic catalytic
activity of Co-N, sites was demonstrated by combining DFT
simulation with the consumption rate of 3,5-di-tert-butyl-4-
hydroxytoluene.

Then, the influence of the multiscale porous structure on the
catalytic activity could be obtained by comparing the reaction
rate of Co,/NC and Co,/NC-h catalysts. The same structural
features of carbon supports and the same coordinated envi-
ronment as well as the same Co valence revealed that the Co,/
NC and Co,/NC-h catalysts exhibited the same Co-N, active
sites for cyclooctene epoxidation (Fig. 4b-d). However, due to
the multiscale porous structure, Co,;/NC-h can expose more
accessible active sites for reactants, resulting in the increase of
overall catalytic activity. The exposed number of active sites
could be correlated with the electrochemically active surface
area, which was investigated by measuring the electrochemical
double-layer capacitance (Cq). The C4 was obtained through
cyclic voltammetric curves recorded at various scan rates from
10 to 60 mV s~ " (Fig. S101). As shown in Fig. 5¢, the Cq; value of
Co,/NC-h catalysts was calculated to be 33.8 mF cm™ 2, which
was 1.5 times higher than that of Co,/NC catalysts (22.0 mF
cm’z). Therefore, the enhanced Cq4; value indicated that more
active sites were exposed on Co,/NC-h catalysts.

Meanwhile, the consumption of 3,5-di-tert-butyl-4-
hydroxytoluene was also determined to further verify the
difference in the number of exposed Co-N, active sites in the
Co,/NC-h and Co,/NC catalysts. With the same total number of
Co-N, active sites, the consumption rate of 3,5-di-tert-butyl-4-
hydroxytoluene on Co,/NC-h was 0.063 mmol h™', which was
1.7 times higher than 0.037 mmol h™" obtained when catalyzed
by Co;/NC. The improved consumption rate of Co;/NC-h also
proved that more Co-N, active sites were involved in the cata-
lytic reaction, consistent with the electrochemically active
surface areas of the two catalysts as shown in Fig. 5c.

Based on the above analysis, the single atom Co active sites
in N-doped carbon supports exhibited a high intrinsic activity
for O, activation. Meanwhile, the multiscale porous structure in
the catalysts resulted in the increase of the available number of
exposed active sites for catalysis. Therefore, it is not surprising
that Co,/NC-h with single-atom Co and a multiscale porous

6020 | J Mater. Chem. A, 2022, 10, 6016-6022
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Fig. 6 Catalytic stability of the Co/NC-h catalysts for cyclooctene
epoxidation. Reaction conditions: cyclooctene (0.5 mmol), catalysts (5
mg), DMF (2 mL), 140 °C, 0.5 MPa O, and 9 h reaction.

structure exhibited excellent catalytic performance for cyclo-
octene epoxidation.

In addition, catalytic stability is also a critical factor to
evaluate the catalytic performance of the present catalysts. After
the reaction, the Co,/NC-h catalysts could be easily recycled by
centrifugation and reused for the next cycles without any
treatment. As shown in Fig. 6, the final yield of 1,2-epox-
ycycloheptane was maintained in the range of 89%~94%
without an obvious decrease for 6 cycles. The morphology of the
used Co,/NC-h catalysts was well preserved during the recycling
process (Fig. S11at). Meanwhile, there was no metallic Co and/
or cobalt oxide phases in the spent Co;/NC-h catalysts, as
revealed by the XRD pattern (Fig. S11bt). The XPS analysis of the
Co 2p peak on the fresh and used Co,/NC-h catalysts also sug-
gested the preserved electronic structure of Co in the catalysts
after catalytic reactions (Fig. S11ct). Determined by ICP-MS, the
Co ions were not detected in the reaction solution. Taking all
together, the un-degraded catalytic activity as well as the
unchanged morphological features of the Co,/NC-h catalysts
demonstrated the excellent catalytic stability of the catalysts.

Conclusions

In summary, multiscale porous Co;/NC-h catalysts have been
successfully constructed by etching CoZn-ZIF precursors before
a carbonation process. Owing to the improved utilization of
active Co-N, sites with high intrinsic activity and the exposure
of more active sites when the number of macropores increased
and the number of micropores decreased, the Co;/NC-h cata-
lysts exhibit an exceptional catalytic activity for cyclooctene
epoxidation with O, as the oxidant. The results presented in this
work could guide the rational design and synthesis of prom-
inent single-atom catalysts for both basic research and practical
applications.

Experimental section
Chemicals and materials

All of the starting reagents for the synthesis and reactions were
commercially available and were used as received. Zinc(u)
nitrate hexahydrate (Zn(NOj3),-6H,0, Energy Chemical, 99%),

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1ta09227h

Published on 15 December 2021. Downloaded on 6/23/2024 2:51:49 PM.

Paper

cobalt(u) nitrate hexahydrate (Co(NOs),-6H,0, Energy Chem-
ical, 98%), 2-methylimidazole (2-MeIM, Energy Chemical, 98%),
cyclooctene (Energy Chemical, 95%), methanol (Energy Chem-
ical, 99.9%), DMF (N,N-dimethylformamide, Sigma Aldrich,
99.8%, with molecular sieves), and 3,5-di-tert-butyl-4-
hydroxytoluene (Energy Chemical, 99%).

Materials preparation

Preparation of CoZn-ZIF, Co-ZIF, and Zn-ZIF. The prepara-
tion methods of CoZn-ZIF were prepared by following reported
procedures.*® In a typical synthesis, a mixture of Co(NO3),-6H,0
(3.75 mmol) and Zn(NO3),-6H,0 (3.75 mmol) was dissolved in
30 mL methanol (solution 1) and 2-MeIM (15 mmol) was dis-
solved in 30 mL methanol (solution 2). After forming a homo-
geneous solution, solution 1 was slowly added into solution 2
under stirring, and the final mixture was stirred constantly at
30 °C for 6 h to form CoZn-ZIF. The obtained product was
collected by centrifugation, followed by washing with methanol
for 3 times and drying at 60 °C in an oven.

Co-ZIF and Zn-ZIF were synthesized following the same
preparation procedures by using a single metal salt of
Co(NO;3),-6H,0 (3.75 mmol) and Zn(NO;)-6H,0 (3.75 mmol),
respectively.

Preparation of CoZn-ZIF-h. In a typical synthesis, 250 mg of
CoZn-ZIF was dispersed into 50 mL DMF solvent under ultra-
sound to form a uniform mixture. Then, the mixture was heated
up to 140 °C and hold for 24 h under an air atmosphere with
constant stirring. After the etching procedure, the obtained
CoZn-ZIF-h was collected by centrifugation, followed by
washing with methanol for 3 times and drying at 60 °C in an
oven.

Preparation of Co,/NC-h, Co;/NC, Co/NC and NC. The Co,/
NC-h catalysts were prepared via the carbonization of CoZn-ZIF-
h. In the process, 300 mg of CoZn-ZIF-h was placed in a tube
furnace, which was flushed with N, gas at a speed of 80 sccm to
remove air before heating. Then, the sample was heated to
900 °C at a rate of 5 °C min~ " and the temperature was main-
tained at 900 °C for 2 h under N,. Finally, it was naturally cooled
to room temperature and the Co,/NC-h catalyst was obtained.

The Co,/NC, Co/NC and NC catalysts were obtained by the
pyrolysis of CoZn-ZIF, Co-ZIF and Zn-ZIF at 900 °C for 2 h under
N, with the same process, respectively.

Preparation of HNO; etched Co,/NC-h. In the process, 50 mg
of Coy/NC-h catalyst was dispersed into 30 mL of 5 mol L™"
HNO; aqueous solution, and then the mixture was heated to
80 °C and hold for 12 h with reflux condensation under stirring.
After that, the solution was cooled to room temperature, and the
separated solid was washed with deionized water several times
until the solution was neutral. Finally, the obtained HNO;
etched Co;/NC-h sample was collected by centrifugation and
drying at 60 °C in an oven.

Characterization methods

The structures of the obtained ZIFs and carbon materials were
characterized by X-ray power diffraction (XRD) using a Shi-
madzu XRD-6000 with Cu Ko radiation. Field-emission
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scanning electron microscopy (FE-SEM, FEI Verios G4) and
transmission electron microscopy (TEM, FEI Talos F200X TEM)
with an accelerating voltage of 200 kv were performed to
analyze the morphology of samples. HAADF-STEM images and
EDS mappings of samples were obtained using a double Cs
corrector transmission electron microscope (FEI Themis Z). The
Co content of samples was identified by inductively coupled
plasma mass spectrometry (ICP-MS, PerkinElmer NexION 350D
ICP-MS). The valence state of samples was monitored by X-ray
photoelectron spectroscopy (XPS, Thermo Fisher Scientific
ESCALAB Xi+) with a monochromatic Al Ka line. The Brunauer-
Emmett-Teller (BET) specific surface areas of catalysts were
measured from the nitrogen adsorption-desorption isotherms
at 77 K (Bei Shi De Instrument 3H-2000PS2). The Raman spec-
trum of samples was collected using a Raman spectrometer
(Horiba JOBIN YVON) with a 633 nm laser device.

Catalyst evaluation

General procedure. All reactions were performed in a stain-
less-steel autoclave. In a typical catalytic epoxidation reaction
of cyclooctene, 0.5 mmol of cyclooctene and 5 mg of catalysts
were mixed in 2 mL DMF. Then, the mixture was transferred to
the autoclave charged with 0.5 MPa O, pressure at 140 °C with
stirring. After the reaction, the mixture was cooled to room
temperature and the catalyst was filtered off. Then the mixture
was diluted with methanol and analyzed by gas chromatog-
raphy (Agilent 7890) using a flame ionization detector (FID) and
GC-MS (Agilent 7890 GC and 5975C MSD) with m-xylene as the
internal standard. The reaction mixture was taken at different
time intervals for analysis.

The performance of reaction active oxygen species genera-
tion of Co/NC, Co,/NC-h and Co,/NC catalysts. 1 mmol of 3,5-di-
tert-butyl-4-hydroxytoluene and 5 mg of catalysts were mixed in
2 mL DMF. The mixture was transferred to the autoclave
charged with 1 MPa O, pressure at 80 °C with stirring. After the
reaction, the self-coupling products were analyzed by GC (Agi-
lent 7890) with m-xylene as the internal standard.

Stability tests. A mixture of 0.5 mmol of cyclooctene, 5 mg of
Co4/NC-h catalyst and 2 mL of DMF was added to the autoclave.
The reaction mixture was heated to 140 °C under stirring and
charged with 0.5 MPa O,. After 9 h of reaction, the mixture was
cooled to room temperature and the catalyst was filtered off.
Then the mixture was analyzed by GC7890. The filtered catalyst
was collected and re-dispersed into a new reaction mixture and
continued the reaction under the same reaction conditions.
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