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thesis of Co/NC catalysts with
high-density Co–Nx active sites derived from Co/
Zn-ZIF for cyclopropanation†

Xin Yue, Jiangwei Li, Chunying Li, Zhixuan Wang, Yongmei Du, Daoan Sun, * Hui Ma
and Jian Lu*

Novel Co/NC heterogeneous catalysts were prepared by simply employing self-made Co/Zn-ZIF (zeolitic

imidazolate framework) through pyrolysis. The samples were characterized by XRD, XPS, Raman, TEM

and BET, and were successfully applied in a cyclopropanation reaction with a yield of 85%. Furthermore,

this one-pot synthesized catalyst could be recycled several times without apparent deactivation. The

content of Co–Nx active sites could be modified by adjusting the Co/Zn molar ratio of the ZIF precursor.

The generation of Co–Nx could be attributed to the evaporation of Zn species, which provides rich

micropores.
Introduction

The cyclopropane ring structure exhibits specic bioactivity in
many medical materials and has become an important struc-
tural unit in pharmaceutical chemistry, attracting great
research interest.1–3 Meanwhile, the highly strained energy of
the three-numbered ring makes cyclopropane a valuable
candidate for the synthesis of high-energy-density fuels. Various
synthetic methods for cyclopropanation have been developed,
such as Simmons–Smith reaction, diazo-derived cyclo-
propanation, free carbenes via a-Elimination and Kulinkovich
reaction.4–8 Particularly, the cyclopropanation of alkenes with
diazo compounds stands out as the most atom-economic
strategy.9 However, most studies have employed homogeneous
catalysts, such as Fe, Ru, Rh, Co and Cu complexes, leading to
problems like difficulty in separation, low reusability and high
costs.10–16 To tackle these challenges, developing highly active,
recyclable heterogeneous catalysts using inexpensive metal is
desirable.

To date, a few reports describe the use of heterogeneous
catalysts for cyclopropanation, such as CuO–TiO2/Al2O3,
CuNPs–Al2O3, core–shell Cu–Fe NPs and silver/copper foil.17–21

Nevertheless, these catalysts, originating from complex prepa-
ration methods, display low catalytic efficiency due to lack of
controllable active sites.22–25 The preparation of high-
performance heterogeneous catalysts for cyclopropanation
calls for a simple method to produce abundant active sites.
Recently, a new design involving 3d transition metals and an N-
gen Chemical, Xi'an Modern Chemistry

tion (ESI) available. See DOI:

39746
doped carbon system (M–N–C) has garnered attention in
materials sciences.26–28 More specically, engineering abundant
active sites via the evaporation of Zn species during the pyrol-
ysis of zeolitic imidazolate frameworks (ZIFs) has generated
signicant interest for producing more complex microstruc-
tures. 29–34 We believe that applying this method to prepare
heterogeneous catalysts could increase the number of active
sites, leading to better yields in cyclopropanation.35,36 In this
paper, we report on Co-based heterogeneous catalysts for
cyclopropanation and present an in situ method for the
controllable production of Co–Nx active sites on these Co/NC
catalysts by adjusting the Co/Zn molar of Co/Zn-ZIFs.
Experimental
Preparation of catalysts

Co@N-doped carbon materials labeled as Cox/NC-T (where x
represents the molar ratio and T indicates the calcination
temperature), were synthesized using a simple method, as
shown in Scheme 1. Co/Zn-ZIFs were synthesized from an
aqueous solution at room temperature. Typically, a total of
10 mmol mixture of Zn(NO3)2$6H2O and Co(NO3)2$6H2O, with
designed molar ratios of 25 : 75, 50 : 50, 75 : 25 and 100 : 0, was
dissolved in 200 mL of methanol. Then, a solution of 80 mmol
2-methylimidazole dissolved in 200 mL of methanol was added
to the ask. The brown mixture was stirred continuously for
12 h at room temperature (25 °C). Aer centrifugation, the
product was washed with methanol several times and dried at
80 °C overnight. Then, these Co/Zn-ZIF precursors were
annealed under nitrogen ow for carbonization by thermal
treatment at 900 °C, and the samples were denoted as Co0/NC-
900, Co0.25/NC-900, Co0.50/NC-900, Co0.75/NC-900 and Co1.00/
NC-900.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of Co/NC catalysts.
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Catalytic tests

The prepared catalyst (10.0 mg) was placed in an oven-dried
Schlenk tube evacuated and backlled with nitrogen (Scheme
2). Solvent 1,2-dichloroethane (2 mL) was added, followed by
styrene (2.50 mmol) and a stock solution of ethyl diazoacetate
(EDA, 0.5 mmol). The mixture was heated at 60 °C under an N2

atmosphere; then, the cyclopropanation reaction lasted for 4 h
with stirring. Aer the reaction, the catalyst was separated by
centrifugation, and enantiomeric excess and yields were deter-
mined by chiral gas chromatography (GC) using an Agi-
lentJ&WDB-35 column on a Shimadzu GC-2014C instrument
equipped with an FID detector. The ow rate was set to 3.0
mL min−1 for all tested compounds. The injector was in split
mode 100 : 1, the injection volume was 1 mL and the injector
temperature was set to 100 °C, while the detector temperature
was set to 280 °C. The conditions for separating individual
product enantiomers can be found in the compound charac-
terization section.
Catalyst characterisation

X-ray powder diffractometer (XRD, Rigaku D/Max 2500 VB2 +
PC) with 2q range from 10° to 90° characterized the catalyst
powder. Raman spectra were recorded on a LabRAM HR
Evolution (Renishaw Invia Raman, UK, 532 nm, 1 cm−1, 100 s).
X-ray photoelectron spectroscopy (XPS, Pekin-Elmer PHI-1600)
characterized the surface elemental composition and valence
using an X-ray source of mono-chromatic Al Ka (1486.6 eV)
150 W (spot size 500 mm). Transmission electron microscopy
(TEM, FEI Tecnai-G2F20) characterized the microstructure,
combined with Energy Dispersive X-Ray Spectroscopy (EDS) to
obtain elemental mapping within the micro-region of the
material. The nitrogen adsorption–desorption was performed
using a Micromeritics ASAP 2020 at 77 K. Brunauer–Emmett–
teller (BET) equiv. was used to calculate the nal specic surface
area.
Scheme 2 Catalytic tests of Co/NC catalysts.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Results and discussion
Characterisation of catalysts

The crystal structure investigation of products with different
molar ratios of Zn/Co was conducted using powder X-ray
diffraction (XRD). Fig. 1a illustrates the results, revealing
broad diffraction peaks at 2q of 25.4° corresponding to the
graphitic carbon (002) in all samples.37 Notably, no discernible
peaks characteristic of zinc or zinc compounds were evident in
the patterns, indicating the effective removal of Zn through
evaporation during pyrolysis at 900 °C. By increasing the cobalt
content in Zn/Co-ZIF, distinct diffraction peaks associated with
metallic Co became evident in the Co/NC samples. Specically,
the peaks at 44.2°, 51.5° and 75.8° were well-indexed to the
(111), (200), and (220) planes of fcc-structured metallic Co.38

According to the Scherrer equation, the calculated diameters of
metallic Co in Co0.25/NC-900, Co0.50/NC-900, Co0.75/NC-900, and
Co1.00/NC-900 were 5.24 nm, 19.6 nm, 21.2 nm, and 27.9 nm,
respectively. When the molar ratios of Co content in Co/Zn-ZIF
surpassed 50%, there was a signicant increase in the size of Co
metal particles in the Co/NC materials. This phenomenon was
further validated through TEM images, suggesting that a higher
cobalt proportion (beyond 50%) triggers the thermal polymeri-
zation of metallic cobalt during pyrolysis, ultimately diminish-
ing the catalyst's reaction activity.

The Raman spectra of Co/NC samples are presented in
Fig. 1b, revealing the characteristic G band (at 1585 cm−1)
associated with graphitic carbon, and the D band (at 1353 cm−1)
indicates disordered carbon.39 The relative peak intensity ratio
of D to G (ID/IG) serves as a measure of the graphitization degree
of carbon materials. The ID/IG ratios for these samples (Co/Zn,
0.25 : 0.75, 0.5 : 0.5, 0.75 : 0.25, 1.0 : 0) are observed to be 1.05,
1.01, 0.95, and 0.87, respectively. This trend suggests that an
increase in Co content and a decrease in Zn content result in the
generation of more graphitic carbon and fewer defects. This
phenomenon may be attributed to the porous structure formed
RSC Adv., 2024, 14, 39740–39746 | 39741
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Fig. 1 (a) XRD pattern of Co/NC catalysts and (b) Raman spectra of the Co/NC catalysts.
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through the high-temperature evaporation of metallic zinc
during the process.40

The morphologies and microstructures of the samples were
further tested using TEM. The TEM images of Co/NC are shown
in Fig. 1a–e. There are no obvious lattice fringes, suggesting the
low crystallinity of carbon. Meanwhile, no obviousmetal Co NPs
were observed in Co0/NC-900 and Co0.25/NC-900. When the
content of Co increases to 50%, several Co metal particles are
clearly visible, which agrees with the results of XRD. A high-
resolution TEM image of an individual Co NP shows that the
Co NP is wrapped by graphitized NC nanosheets (Fig. 2f), which
can be reasonably explained by the fact that the sintered Co
metal nanoparticles are covered by a graphite layer produced by
carbonization. The lattice spacing of the Co0.50/NC-900 was
0.24 nm, which was in accordance with the (111) planes of
metallic Co fcc crystals. No lattice fringes ascribed to metal
oxide of Co are found, which is in accordance with the result of
XRD. Another group of fringes with d spacings 0.34 nmmatched
well with the (002) planes of graphitic carbon.41
Fig. 2 (a–f) HRTEM images of Co0/NC-900, Co0.25/NC-900, Co0.50/NC
butions of Co1.00/NC-900.

39742 | RSC Adv., 2024, 14, 39740–39746
As depicted in Fig. 3, the related elemental maps show the
presence of Co, N, and O on the carbon support. The elemental
mapping images reveal the homogeneous distribution of Co, C,
and N elements, and many microstructures in Fig. 3a with the
Co atoms are surrounded by nitrogen atoms, which shows the
presence of dispersed Co–Nx clusters at the nitrogen-doped
carbonaceous support.

XPS was further applied to explore the composition of
surface elements and the chemical states of Co/NC samples. A
typical XPS survey of the as-obtained composites demonstrates
the presence of C, N, O and Co elements in the samples, as
shown in Table 1. The results of Co0.75/NC-900 and Co1.00/NC-
900 with N and Co content on the surface were reduced
signicantly when the Co/Zn ratio increased. However, XRD
detection conrms a large diameter cobalt metal, which means
that the Co content on the surface becomes metallic cobalt in
bulk by thermal polymerization.

As shown in Fig. 4a, an additional peak at 780.8 eV in the Co
2p spectrum was observed, corresponding to Co–Nx. The
-900, Co0.75/NC-900 and Co1.00/NC-900; (f) particle Co size distri-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) EDS and elemental mapping of Co0.50/NC-900, and (b–e) the distribution of the C, Co, N, and O elements.

Table 1 Texture properties of Co/NC catalysts

Catalyst C [at%] N [at%] O [at%] Co [at%]

Co0.25/NC-900 81.55 10.77 6.65 0.74
Co0.25/NC-900 79.72 11.71 7.57 0.94
Co0.25/NC-900 87.08 7.64 4.81 0.28
Co0.25/NC-900 95.33 0.20 4.33 0.14
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binding energies of samples Co/NC located at 782.3 eV and
799.2 eV correspond to Co2+ 2p3/2 and Co2+ 2p1/2, respectively.42

The shake-up satellite peaks at around 5 eV above the main
peaks can be further proved by the presence of surface Co2+

species, such as Co–O.36 The Co–Nx peak became more domi-
nant and reached the maximum with an increase in the Co/Zn
molar ratio to 1 : 1. Then, excessive Co content resulted in
Fig. 4 XPS spectra for the Co/NC catalysts: (a) Co 2p spectrum and (b)

© 2024 The Author(s). Published by the Royal Society of Chemistry
a decrease in the Co–N component. When the Co/Znmolar ratio
increased, the peaks situated at the binding energies of 778.3 eV
and 793.7 eV were observed, which can be consistent with Co
2p3/2 and Co 2p1/2 of metallic Co, respectively.

Fig. 4b illustrates the N 1s XPS spectrum, revealing
intriguing details about the composition. An additional peak,
discernible at 399.2 eV, is identied as Co–Nx content within
the N 1s spectrum, mirroring a similar trend observed in the Co
2p spectrum. Moreover, the N 1s spectra for all samples
undergo deconvolution, unveiling distinct peaks at 398.3 eV,
400.8 eV, and 401.6 eV, which correspond to pyridinic N,
pyrrolic N, and graphitic N, respectively.43 Notably, the Co0.50/
NC-900 catalyst exhibits the highest percentage of Co–Nx,
aligning with its notable activity in the cyclopropanation reac-
tion. Conversely, as the Co content surpasses 50%, there is
a noticeable reduction in Co–Nx content. This decline is
N 1 s spectrum.

RSC Adv., 2024, 14, 39740–39746 | 39743
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Table 3 Optimization of Co/NC catalysed cyclopropanation of
styrene and EDA

Entry Catalyst Yield Selectivity Trans : cis ratio

1 Co0/NC-900 ∼a ∼ ∼
2 Co0.25/NC-900 79% 99 75 : 25
3 Co0.5/NC-900 85% 99 77 : 23
4 Co0.75/NC-900 24% 86 68 : 32
5 Co1.0/NC-900 18% 80 72 : 28
6 Co0.5Zn0.5-ZIF ∼ ∼ ∼
7b Co0.5/NC-1000 2 23 48 : 52
8b Co0.5/NC-2500 17 85 69 : 31
9b Co0.5/NC-5500 33 87 72 : 28
10b Co0.5/NC-9000 9 84 65 : 35

a ∼Means no target product was detected. b Co/NC catalyst prepared
using the impregnation method.

Fig. 5 Nitrogen adsorption–desorption isotherms of Co/NC catalysts.
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attributed to the thermal aggregation of cobalt components,
leading to the formation of metal particles. Catalysts with lower
Co–Nx content demonstrate diminished activity, emphasizing
the pivotal role of Co–Nx content as the active site for cyclo-
propanation Table 3.

The N2 gas adsorption–desorption isotherm and the corre-
sponding pore size distribution curve of Co/NC-900 are illus-
trated in Fig. 5. Previous studies show that the ligands can be
converted into porous nitrogen-doped carbon materials during
the carbonization process, while others decompose into small
molecules, such as NH3 gas; simultaneously, the Co2+ and Zn2+

ions are reduced in situ to metallic Co and Zn NPs.40 Then, Zn
was removed during pyrolysis at 900 °C by evaporation. The
formation of a porous structure is related to the evaporation of
Zn at a high temperature, which is benecial to the trans-
mission of NH3 molecules and promotes the contact between
self-generated NH3 and tiny amounts of Co particles to form
Co–Nx species. As shown in Table 2, when the content of Co is
increased by over 50%, less evaporation of Zn content causes
a reduction in the pore size and pore volume, and the thermal
polymerization of Co metal particles destroys the original high-
surface-area zeolite structure of the ZIF precursor, which means
that the surface areas of the catalysts decrease signicantly.

The above characterization result shows that it is a feasible
method to achieve the controllable Co–Nx content in Co/NC by
precisely adjusting the molar ratio of the Co/Zn species in the
Co/Zn-ZIF precursor. A lower Co/Zn ratio (less than 50%) in Co/
Zn-ZIF precursor could inhibit the thermal polymerization of
metallic cobalt, then promote the generation of active compo-
nents (Co–Nx) in Co/NC catalyst, and is also benecial for
improving the porosity and specic surface area of the catalyst.
Table 2 Texture properties of Co/NC catalysts

Catalyst SBET (m2 g−1) VP (cm2 g−1) dP (nm)

Co0.25/NC-900 81.55 10.77 6.65
Co0.25/NC-900 79.72 11.71 7.57
Co0.25/NC-900 87.08 7.64 4.81
Co0.25/NC-900 95.33 0.20 4.33

39744 | RSC Adv., 2024, 14, 39740–39746
Evaluation of the catalyst for cyclopropanation

The Co/NC catalysts of the cyclopropanation activity of Co/NC
catalysts were studied through the cyclopropanation of ethyl
diazoacetate (EDA) and styrene. All the experiments were per-
formed at 60 °C with 5 mol% of catalyst in 1,2-dichloroethane,
containing 5 equiv. of olen (2.50 mmol) and 1 equiv. of EDA
(0.5 mmol). The activity of Co/NC catalysts was compared in the
cyclopropanation of styrene conducted under identical condi-
tions. The results show that the Co-ZIF precursor and Co0/NC-
900 did not have cyclopropanation catalytic activity at all
because the yield of the product is 0. The catalytic activity
increased with an increased amount of cobalt. The Co0.50/NC-
900 catalyst results in the highest yield (85%, Table 1).
However, when the ratio of Co is over 50%, the Co–NC catalyst
shows a declined activity. This could be related to a decrease in
the specic surface area of the Co–NC catalyst and a decrease in
the Co–Nx content on the surface.

However, when we use the Co/NC catalyst prepared by
applying the impregnation method in this reaction, the Co/NC
catalyst shows low activity signicantly. By treating these Co/NC
catalysts at different calcination temperatures, the Co0.50/NC-
550 catalyst increases its yield to 33%, though its activity is
remains much lower than that of MOF-derived Co/NC catalysts.

Through systematic adjustments in the olen-to-EDA ratio,
we conducted a comparative analysis between MOF-derived Co/
NC and Fe/NC catalysts (Table 4). The ndings indicate that
under conditions where olens are in excess, the Co–NC catalyst
exhibits slightly higher activity than its Fe–NC counterpart, with
both demonstrating similar selectivity. However, as the ratio of
EDA increases, a substantial decrease in both activity and
selectivity is observed for Fe–NC, while the Co–NC catalyst
maintains remarkable performance in both aspects. This
notable difference is likely attributed to the Co(III)-carbene
intermediate state of the catalyst, and a hypothesis is further
supported by a detailed comparison of the Co–Nx and Fe–Nx
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Catalytic performance for the cyclopropanization of Fe and
Co catalysts

Entry Styrene : EDA Yield Selectivity Trans : cis ratio

1a 5 : 1 85% 99% 75 : 25
2a 1 : 1.5 77% 85% 71 : 29
3a 1 : 5 95% 80% 78 : 22
4b 5 : 1 76% 99% 77 : 23
5b 1 : 1.5 45% 78% 75 : 25
6b 1 : 5 68% 61% 61 : 39

a Co/NC catalyst. b Fe catalyst.

Scheme 3 Recycling of Co/NC catalyst for 5 runs.
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complexes. The sustained high activity and selectivity of the Co–
NC catalyst under varying olen-to-EDA ratios underscore the
signicance of the Co(III)–carbene intermediate state in inu-
encing catalytic performance, providing valuable insights into
the superior behavior of Co–NC compared to Fe–NC in these
experimental conditions.
Stability and recyclability

To demonstrate the practical utility of this catalyst, scalability
and recyclability were studied.44–46 The model reaction was
successfully scaled up to 10-fold without signicant variations
in activity and selectivity compared to the small-scale run. A
slight decrease in the activity was observed aer the 5th run
(Scheme 3). ICP analysis of the solution showed a negligible (ca.
0.1%) loss of cobalt from the catalyst, which means that the Co/
NC catalyst is a real heterogenous catalyst.
Conclusions

In summary, we present the rst Co-based heterogeneous
catalyst derived from Co/Zn-ZIF by high-temperature pyrolysis.
These Co/NC catalysts were characterized and applied in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
cyclopropanation reaction of diazo compounds with a good
yield. Furthermore, the catalysts could be easily recovered and
reused at least ve times without obvious deactivation. Notably,
by increasing the Zn content in a molar ratio of Co/Zn of the ZIF
precursor, the Co–Nx active sites were effectively regulated,
which signicantly improved cyclopropanation activity. This
simple strategy was developed to regulate active sites, which
could contribute to adjusting the activity of catalysts for typical
organic reactions with sluggish kinetic processes.
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