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Solvent-free synthesis of Co@NC catalyst with Co—N species as active
sites for chemoselective hydrogenation of nitro compounds
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ABSTRACT Metal-organic frameworks (MOFs) derived Co-
based catalysts have received extensive attention in the che-
moselective hydrogenation of nitroarenes, while they usually
require a lot of solvent during the synthesis and identification
of active species. This study explores a solid-phase synthesis
strategy to obtain MOF precursors without using any solvent,
which is then foamed and pyrolyzed to synthesize the Co@NC-
X catalyst. It was found that a nitrogen-doped graphene shell
can well encapsulate the Co nanoparticles. The resulting cat-
alyst, which was pyrolyzed at 800°C, exhibited ~100% con-
version for the hydrogenation of 3-nitrostyrene and >99%
selectivity to 3-vinylaniline. This catalyst also showed excellent
stability and good substrate universality for the hydrogenation
of extensive substituted nitroarenes. Various characterizations
revealed a positive relationship between the catalytic perfor-
mance and the content of Co-N species tuned by pyrolysis
temperature. This work provides a novel and green strategy to
design an efficient Co-based catalyst for chemoselective hy-
drogenation.

Keywords: solvent-free synthesis, Co-based catalyst, nitroarenes,
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INTRODUCTION

Catalytic hydrogenation of nitroarenes containing reducible
groups is considered as an important way to synthesize corre-
sponding functional anilines [1-3], which have widespread
applications in the field of fine chemicals, such as pharmaceu-
ticals, dyes, spices, and pesticides [4,5]. Heterogeneous catalysts
of supported metals have received much attention due to their
low pollution, easy separation, and good recyclability [6-8]. The
main challenge in such a reaction is to reduce the nitro group
preferentially while keeping the other sensitive groups unchan-
ged. Conventionally, precious metal (such as Pt, Pd, Ru, Ir, and
Au)-based catalysts with elaborate designs have achieved good
performance in the chemoselective hydrogenation of nitro
compounds [9-16], but they are not cost effective [17,18]. It is,
thus, of great significance to develop efficient non-noble metal
catalysts in the field of chemoselective hydrogenation [19,20],

such as Co, Fe, Ni, and Cu-based catalysts, due to their unique
catalytic performance [21-27]. Co-based catalysts have attracted
increasing attention, and the effects of various parameters, such
as support properties, cobalt precursor, and posttreatment, on
the hydrogenation performance have extensively been investi-
gated [5,28,29].

Recently, the pyrolytic transformation of metal-organic fra-
meworks (MOFs) has been considered as a facile route to syn-
thesize nitrogen-doped porous carbon-supported Co-based
catalysts [30-33]. ZIF-67 is a widely studied MOF precursor that
can pyrolyze to generate active Co components under an inert
atmosphere at different decomposition temperatures or after
various posttreatments [30-32]. However, the state-of-the-art
method necessitates the fabrication of crystalline ZIF-67 MOF
precursors using a substantial amount of solvent (such as
methanol, water, ethanol, and N,N-dimethylformamide (DMF)).
Moreover, it requires a complex washing procedure to eliminate
uncoordinated ligands [34-36]. This excess usage of solvents
and insufficient recycling protocols can bring about severe
environmental problems. Moreover, the relationship between
the doped nitrogen species bonding on Co nanoparticles (NPs)
and the hydrogenation performance needs further clarification,
particularly based on the electronic effects of nitrogen species on
the Co sites and the activation of reactants.

This work proposes a solvent-free strategy for synthesizing
nitrogen-doped graphene shell encapsulated Co species catalyst.
The precursors of ZIF-67 and ZIF-8, such as cobaltous nitrate,
zinc nitrate, and 2-methylimidazole (2-MeIM), were mixed in a
solid state without any solvent assistance, then foamed and
pyrolyzed, where the pyrolysis temperature was modulated in
detail. It was discovered that following pyrolysis at 800°C, the
resulting catalyst (Co@NC-800) could achieve 100% conversion
and >99% selectivity of 3-vinylaniline under relatively mild
reaction conditions for the selective hydrogenation of 3-nitro-
styrene. Moreover, this catalyst exhibited good cyclic stability
and general applicability in the hydrogenation of various sub-
stituted nitro compounds. A series of characterizations
demonstrated that the Co sites with a slightly positive state by
bonding with N species could play as the active component with
a positive relationship to the catalytic performance.
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EXPERIMENTAL SECTION

Materials

Zinc nitrate hexahydrate (Zn(NOs),-6H,0), cobalt nitrate hexa-
hydrate (Co(NOs3),-6H,0), ethanol, and toluene were purchased
from Sinopharm Chemical Reagent Co., Ltd. (China) with
analytical grade. 2-MeIM (98%), 3-nitrostyrene (96%), and 1,3,5-
trimethylbenzene (>99%, standard internal substance) were
purchased from Aladdin Chemical Co., Ltd. (Shanghai, China).
Other reaction substrates were purchased from Macklin Bio-
chemical Co., Ltd. (Shanghai, China). All reagents were used
without further purification.

Synthesis process

First, 10 mmol zinc nitrate hexahydrate, 4.5 mmol cobalt nitrate
hexahydrate, and 29 mmol 2-MeIM were mixed and stirred for
10 min to form a solid mixture that corresponded to the for-
mulation of ZIF-8 or ZIF-67 precursor. Then, the foaming
material was obtained by drying the mixture at 120°C for 24 h.
Second, the foaming material was fully ground and pyrolyzed at
different temperatures for 2 h under a nitrogen atmosphere at
5°C min~". The resultant materials were denoted as Co@NC-X,
where X was the pyrolysis temperature. No solvent was used in
the entire preparation process.

Characterization

The content of metallic Co was determined using an inductively
coupled plasma optical emission spectrometer (ICP-OES, Agi-
lent 5110). Specifically, the amount of metal Co in the Co-based
catalysts was detected using microwave digestion with solid
samples to obtain a clear solution. The leaching of metal Co in
the solution was conducted by evaporating the filtration solution
and dissolving the residue in aqua regia, and then further diluted
to the appropriate concentration for measurement.

X-ray diffraction (XRD) patterns were obtained on a D/max
2550 with Cu Ka radiation (A = 0.15406 nm). The measurement
range of 20 was controlled from 5° to 80° with a rate of 5° min™".

The scanning electron microscopy (SEM) images were
observed using a JSM-7900F (JEOL, Japan) by spray-gold pro-
cessing to make the samples conductive.

Transmission electron microscopy (TEM) images were
obtained on a JEM-1400 Plus electron microscope with an
acceleration voltage of 200 kV. The histograms of the particle
size distribution of Co NPs in the catalysts were obtained after
counting ~200 particles in the images. High-resolution TEM
(HRTEM) images were obtained on an FEI TF20 microscope
equipped with a Super-X energy dispersive spectroscopy (EDS)
attachment. The information on lattice spacing was obtained by
measuring HRTEM images with digital micrograph software.

The X-ray absorption fine structure (XAFS) analysis of Co K-
edge was conducted at the Shanghai Synchrotron Radiation
Facility (Shanghai, China) using a Si(111) crystal mono-
chromator on the BL11B beamline. Before the test, samples were
pressed into thin sheets of 1 cm in diameter and sealed with
Kapton tape film. The XAFS spectra were collected at 25°C using
a 4-channel silicon drift detector Bruker 5040. Co K-edge
extended XAFS (EXAFS) spectra were collected in a transmis-
sion mode. There were negligible changes in the line shape and
peak position of Co K-edge X-ray absorption near-edge struc-
ture (XANES) spectra between two scans taken for a specific
sample. The XAFS spectra of these standard samples (Co foil
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and Co,0;) were recorded in a transmission mode. The spectra
were processed and analyzed using the software codes Athena
and Artemis.

X-ray photoelectron spectroscopy (XPS) measurements were
performed on a Thermo Scientific K-Alpha equipped with a
monochromatized Al Ka X-ray source (1486.6 eV) to get the
surface properties of the sample. The adopted results were cor-
rected using the C 1s orbital (284.8 eV).

The N, adsorption-desorption characterization was conducted
on a Micromeritics ASAP 2460 at 77 K. The density functional
theory method was used to obtain the pore size distribution data.

Fourier transform infrared spectroscopy (FT-IR) patterns
were collected on a Shimadzu IR Affinity-1S from 400 to
4000 cm™ to measure the transmittance of the samples. The
samples were dried at 120°C for 1 h to remove moisture, then
adequately mixed with KBr (sample:KBr = 1:200) and finally
pressed into transparent sheets and placed in the instrument to
measure the transmittance.

Catalytic performance test

The hydrogenation reaction of the aromatic nitro compound
was conducted in a 15-mL stainless steel reactor with a poly-
tetrafluoroethylene liner. Typically, a mixture of 0.05 g catalyst,
0.5 mmol nitroarene, 0.25 mmol 1,3,5-trimethylbenzene (inter-
nal standard), and 5 mL toluene was introduced into the reactor
at room temperature. Next, the air in the reactor was replaced
with hydrogen six times. Then, the autoclave was charged with
H, until 3 MPa and heated to 80°C in a water bath with a
magnetic stirrer to initiate the reaction. After the completion of
the reaction, the catalyst was centrifuged, and then the reaction
solution was analyzed on an Agilent 7890B gas chromatograph
equipped with an HP-5 column and flame ionization detector.
The information of each component in the product was deter-
mined using gas chromatography-mass spectrometer (GC-MS,
Agilent 5977B) equipped with an HP-5 type chromatographic
column. The catalyst was separated and directly applied to the
next run in the cyclic test. Additionally, to determine whether
the catalytic process was heterogeneous, a hot filtration experi-
ment was performed when the reaction proceeded for 30 min,
and the filtered solution continued to react.

RESULTS

Synthesis and characterizations of Co@NC-X catalysts

A new synthesis method proceeding in the solid-state for a Co-
based catalyst is explored because of the environmentally benign
process. As shown in Scheme 1, the mixture of zinc nitrate
hexahydrate, cobalt nitrate hexahydrate, and 2-MeIM is ade-
quately stirred for 10 min without adding any solvent. In this
process, the Co?* ion, Zn** ion, and 2-MeIM ligand form a
purple solid Co-Zn mixture by the coordination reaction. With
further polymerization by drying at 120°C, the solid mixture
melts into a brown state, then starts to swell and forms a nigger-
brown material with a foaming pattern. Finally, the foamed
composites are pyrolyzed under an inert atmosphere to obtain
Co-based materials, denoted as Co@NC-X catalysts, where X
represents the pyrolysis temperature.

The evolvement process of the target catalyst was further
tracked using XRD, FT-IR, and SEM characterizations. As
shown in Fig. 1a, the Co-Zn mixture shows complicated dif-
fraction peaks compared with the corresponding precursors,
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(a) XRD patterns of the precursor, Co-Zn mixture, and foaming material, (b) FT-IR analysis of the Co-Zn mixture and foaming material (the

dashed lines show the shift of absorption peaks and the purple shadows show the production of new absorption peaks), (c) XRD patterns, and (d) N,
adsorption-desorption isotherms of Co@NC-X catalysts with different pyrolysis temperatures (the inset shows the distribution of the corresponding pore size).

which may be attributed to the formation of the Zn,Co;_,-
(C4HeN,) MOF structure [37]. After the drying treatment, the
crystalline structure disappears. The corresponding FT-IR
results in Fig. 1b indicate that the materials acquired after
blending and drying procedures exhibit an obvious shift of peaks
(such as from 1598, 1112, and 680 to 1571, 1092, and 665 cm™,
respectively) along with the production of new absorption peaks
(such as 1380 and 826 cm™') compared with the 2-MeIM ligand,
which can be due to the coordination between the metal and
ligand. Additionally, the morphology of the obtained materials is
altered correspondingly, which transforms from a sheet struc-
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ture into a compact structure after the drying treatment
(Fig. S1). Therefore, combined with the above analysis, it is
revealed that the components of Zn**, Co**, and 2-MeIM ligand
engender strong interaction at an earlier stage but with low
surface area (Table S1).

Further pyrolysis treatment is required to obtain the desired
material, and the influence of pyrolysis temperature on the
foaming material is investigated in detail. In the pyrolysis pro-
cess, the 2-MeIM ligand decomposes and transforms into N-
doped carbon, coupled with the reduction of the Co** ions and
Zn evaporation. As shown in Fig. 1c, the material pyrolyzed at

171



ARTICLES

SCIENCE CHINA Materials

600°C mainly displays the diffraction peaks attributed to ZnO
and Co3ZnC species (JCPDS No. 29-0524). When the calcination
temperature increases from 600 to 900°C, the ZnO-related dif-
fraction peaks become weaker and gradually disappear due to
the Zn evaporation. Meanwhile, the intensity of the metallic Co-
related diffraction peak increases, with values of 44.2°, 51.5°, and
75.9°, attributed to the (111), (200), and (220) planes of face-
centered-cubic (fcc)-structured cobalt, respectively. The treat-
ment at 800°C leads to the presence of metallic Co species-
related diffraction peaks (JCPDS No. 15-0806). Moreover, the
functional groups present in the foaming materials disappear on
the pyrolyzed materials according to FT-IR spectra (Fig. S2),
indicating the complete decomposition of the 2-MeIM ligand.
Additionally, the morphology of different pyrolyzed catalysts
was determined using SEM characterizations. As shown in
Fig. S3, the materials become more fragmented with increasing
pyrolysis temperature, producing porous structures on the sur-
face.

N, adsorption-desorption isotherm measurements further
confirm the porosity of the Co@NC-X catalysts. As shown in
Fig. 1d, with the increase in pyrolysis temperature, more
microporous (<1 nm) and mesoporous structures (2-3 nm)
appear. Meanwhile, the Brunauer-Emmett-Teller (BET) surface
area rises from 32.8 m* g”' on Co@NC-600 to 334.5 m> g™’ on
Co@NC-800, while a higher pyrolyzed temperature of 900°C
results in a slightly lower surface area of 318.8m”g™' on
Co@NC-900 (Table S1).

The particle size and configuration of the Co@NC-800 catalyst
were then characterized using HRTEM and high-angle annular
dark-field TEM (HAADF-STEM). As shown in Fig. 2a and b, the
lattice distance of Co NPs is 0.20 nm, which is assigned to the
(111) facet of the Co® crystal. The mean size of Co particles is
9.3nm by statistical analysis of ~200 particles, as shown in
Fig. S4c. Comparatively, the other Co@NC-X catalysts show a
similar size distribution at 8.7-9.6 nm, agreeing with the XRD

Figure 2 (a, b) HRTEM, (c) HAADF-STEM, and (d) EDS images of the
Co@NC-800 catalyst. The red dashed line represents the graphene layer.
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results (Table S1). Besides, a characteristic lattice spacing of
0.34 nm in the shell is observed on Co@NC-800, which belongs
to the (002) crystal plane of graphitic carbon. Thus, the Co NPs
are covered by a graphene shell with a thickness of 1.5-5 nm.

To identify the metallic Co NPs and the elemental composi-
tion in the Co@NC-800 sample, HAADF-STEM with EDS
spectra was performed. As shown in Fig. 2c, the white granules
observed by contrast degree represent the metallic Co NPs in the
catalyst. The elemental mappings in Fig. 2d show that C, N, O,
and Zn elements are uniformly dispersed in the catalyst. The
overlapping image clearly shows that the Co particles are
wrapped in the carbon layer doped with nitrogen species. This
structure can be reflected using XPS analysis [38]. As shown in
Fig. S5, there is a Co 2p signal in the Co@NC-800 catalyst, but
with weak intensity. Moreover, the atomic ratio of surface Co/C
is quite low, at only 0.021%. These results indicate that the N-
doped graphene shell encapsulates the Co NPs.

Selective hydrogenation performance

To evaluate the catalytic performance of different Co@NC-X
catalysts, the chemoselective hydrogenation of 3-nitrostyrene
was selected as a probe reaction, which is the most demanding
reaction in various substituted nitroarenes due to the more
reactive C=C group toward hydrogenation than the nitro group
in the molecule [39]. It can be seen that the Co@NC-600 catalyst
exhibits poor activity and selectivity to the target product
(Table 1, entry 1). As the pyrolysis temperature rises to 700°C,
the performance obviously improves, obtaining 53.4% conver-
sion and 98.5% selectivity within 4 h, similar to those on
Co@NC-900 catalyst (Table 1, entries 2 and 4). In contrast, the
Co@NC-800 catalyst exhibits the highest performance, achieving
100% conversion and >99% selectivity within 2 h (Table 1, entry
3). The turnover frequency (TOF) of different pyrolyzed cata-
lysts is calculated based on the Co NPs’ dispersion [40]. The
results in Table 1 indicate that the Co@NC-800 catalyst pos-
sesses the highest TOF value among the Co@NC-X catalysts.
Moreover, compared with previous reports on the chemoselec-
tive hydrogenation of 3-nitrostyrene [18,26,41-44], the Co@NC-
800 catalyst exhibits much higher activity and selectivity while at
rather milder conditions (Table S2).

The cyclic stability is an important parameter for evaluating
the catalytic performance. The stability results on Co@NC-800
in Fig. S6a show that the activity and selectivity remain
unchanged during five cycles. The catalyst after the cyclic run
was further analyzed using XRD and XPS characterizations. As
shown in Fig. S7, the intensity of the Co diffraction peak located
at 44.2° is the same as the fresh catalyst, indicating that the Co
species do not assemble during the reaction. Moreover, the ICP
test confirmed no leaching of Co species following the reaction.
The XPS analysis also demonstrates that the ratio of Co-N/C in
the catalyst after the cyclic test is 0.025, which is similar to 0.024
in the fresh catalyst (Fig. S8 and Table S3). All these results
confirm the high stability of the Co@NC-800 catalyst in the
hydrogenation of 3-nitrostyrene. Additionally, a thermal filtra-
tion experiment was also conducted. When the conversion of 3-
nitrostyrene reaches 28.9%, the Co@NC-800 catalyst is removed
from the mixture using centrifugation, and the residual solution
continues to react. As shown in Fig. S6b, the substrate in the
reaction solution is not further converted, confirming that the
hydrogenation reaction proceeds via a heterogeneous process on
Co@NC-800.

January 2023 | Vol.66 No.1
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Table 1 Hydrogenation of 3-nitrostyrene using different Co catalysts®
NO, NH, NO, NH,
Catalyst @/ Q/
4>H2 + +
F Z
3-NS 3-VA 3-ENB 3-EA
Entry Catalyst Conv. (%) Sel. (%) TOF! (h™")
3-VA 3-ENB 3-EA
1 Co@NC-600 5.1 0 33.7 66.3 -
2 Co@NC-700 53.4 98.5 0.9 0.6 4.4
3 Co@NC-800 100 >99 n.d. n.d. 14.8
4 Co@NC-900 49.7 92.3 2.6 5.1 3.9
5bc Co@NC-800 (HCl) 100 97.4 0 2.6 -

a) Reaction conditions: 0.5 mmol 3-nitrostyrene, 0.05 g catalyst, 5 mL toluene, 80°C, 3 MPa H,, 4 h. Internal standard: 1,3,5-trimethylbenzene. b) The
reaction time was 2 h. ¢) Co@NC-800 was refluxed in 1 mol L™! HCI solution at 90°C for 24 h. d) The TOF value was calculated based on the dispersion of Co

particles. n.d.: not detected.

Table 2 Results of the chemoselective hydrogenation of various nitroarenes over Co@NC-800*

Entry Substrate Product t (h) Yield (%)°
NO, NH,
1° @ @ 2 99
HO HO
NO, NH,
. © © : »
Cl Cl
NO, NH,
: IS IS : »
F F
NO, NH,
5| o / »
OHC OHC
NO, NH,
5 _ 3.5 99
N~
N 2

o}

H
\(@ 2 99

a) Reaction conditions: 0.5 mmol nitroarene, 0.05 g catalyst, 5 mL toluene, 80°C, 3 MPa Hy; >99% conversion was observed in all cases. b) Determined using
GC and GC-MS (internal standard: 1,3,5-trimethylbenzene). c) Solvent: 5 mL ethanol. d) The reaction temperature was 100°C.

The universality of substrates for the Co@NC-800 catalyst was
investigated with different substituted nitro compounds. As
listed in Table 2, the results show that this catalyst exhibits 99%
yield in the chemoselective hydrogenation of various substituted
nitroarenes containing electron-donating (-OH), electron-
withdrawing (-X), and other reducible groups (such as aldehyde,
nitrile, and ketone). These results demonstrate that the Co@NC-
800 catalyst can achieve good versatility with high efficiency for
the hydrogenation of diverse nitroarenes to the corresponding
functional aniline.

To further confirm the encapsulated Co NPs as active centers,
a supplement experiment was conducted, where the Co@NC-
800 catalyst was refluxed in 1 mol L™' HCI solution at 90°C for
24 h, which can enable the etching of surface-exposed Co species
[41]. The resulting catalyst was denoted as Co@NC-800 (HCI).
The XRD results in Fig. S7 show that the intensity of the Co
diffraction peak does not change after acid treatment. In the
performance test, the resultant Co@NC-800(HCI) catalyst still
maintains the same catalytic activity as the Co@NC-800 catalyst
(Table 1, entry 5). Additionally, the XPS result in Fig. S9 shows

January 2023 | Vol.66 No.1

almost no presence of residual Zn species on the Co@NC-800
(HCI) catalyst. Thus, the Zn species should not influence the
catalytic performance by comparing the experimental results of
Co@NC-800(HCI) and Co@NC-800. Moreover, the ICP test
results show that the Co content of the Co@NC-800(HCI) cat-
alyst is 19.7%, similar to that of the fresh Co@NC-800 catalyst
(20.5%). These results demonstrate the good leaching-resistant
ability of the active Co species for the hydrogenation reaction,
which can be derived from the encapsulation using the N-dop-
ing carbon layer.

Establishment of structure-performance relationship

The above experimental results revealed that the Co@NC-800
catalyst performs better than other pyrolyzed catalysts. To
identify the coordination environment and the corresponding
chemical state of Co species in Co@NC-X catalysts, X-ray
absorption spectroscopy, including XANES and EXAFS, was
performed. The standard samples containing Co foil and Co,05
were also characterized as references for a better analysis. As
shown in the XANES spectra (Fig. 3a), the Co K-edge of

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022 173
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Figure 3 (a) Co-K-edge XANES spectra of different Co@NC-X catalysts with Co,0O; and Co foil as references, (b) FT of the Co-K-edge, and (c) EXAFS

analysis of different catalysts at R-space.

Table 3 The well-fitted EXAFS results of different Co@NC-X catalysts®

Sample Shell CN R (A) a® (1072 A?) AE, (eV) r-factor (%)
Co Foil Co-Co 12.0 2.53 - - -
Co@NC-700 Co-N 1.3 2.00 0.8 6.6 0.02
Co-Co 6.0 2.50 0.8 -9.6
Co@NC-800 Co-N 3.3 2.07 0.8 -3.0 0.02
Co-Co 9.3 2.51 0.8 -3.0
Co@NC-900 Co-N 2.1 2.01 0.8 -35 0.01
Co-Co 9.2 2.51 0.8 -35

a) CN is the coordination number for the absorber-backscatterer pair, R is the average absorber-backscatterer distance, ¢ is the Debye-Waller factor, and
AE, is the inner potential correction. The accuracies of the above parameters are estimated as CN, +20%; R, £10%; 02, + 20%; AE,, +20%. The data ranges used
for data fitting in k-space (Ak) and R-space (AR) are 3.0-10.0 and 1.0-3.0 A, respectively.

Co@NC-800 catalyst, as well as of Co@NC-700 and Co@NC-900
catalysts, shows the similar white-line intensity compared with
the Co foil, indicating that the Co sites exhibit a slightly positive
charge on all of these catalysts. In contrast, the Co species in the
Co@NC-600 catalyst exhibits an obviously higher valence state,
close to C0,0;. Combined with the performance test results in
Table 1, it is revealed that metallic Co species rather than
positive ones are beneficial for the hydrogenation reaction.

The further transformation results to R-space demonstrate
that all Co@NC-700, Co@NC-800, and Co@NC-900 show the
main peak at 2.1 A, which is assigned to the Co-Co contribu-
tion, as shown in Fig. 3b. Meanwhile, the obvious Co-N species
were observed (~1.4 A) [45,46], indicating that the Co species on
these catalysts coexist in the form of Co-Co and Co-N species.
Comparatively, Co@NC-600 displays a peak that might be
attributed to Co-O coordination due to more positive Co spe-
cies. Coupled with the performance test results, we mainly
focused on comparing Co@NC-700, Co@NC-800, and Co@NC-
900 to construct the relationship between Co species and the
hydrogenation performances.

Fig. 3c and Table 3 summarize the fitted EXAFS results. It can
be seen that the coordination number of Co-Co is 6.0 for the
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Co@NC-700 catalyst and increases to 9.3 and 9.2 for the
Co@NC-800 and Co@NC-900 catalysts, respectively, which
corroborate the particle sizes of the corresponding catalysts in
the range of 7.5-10 nm (Fig. S4 and Table S1). This demon-
strates that the coordination number of Co-Co and the particle
size of metal Co do not obviously affect the catalytic perfor-
mance. As for Co-N species, the Co@NC-800 catalyst has a
higher coordination number of 3.3 than Co@NC-700 with 1.3
and Co@NC-900 with 2.1, which is consistent with the trend of
the catalytic activity, indicating that the Co-N species can act as
the active sites in the hydrogenation of 3-nitrostyrene.

To confirm the importance of Co-N species, XPS measure-
ments were performed to examine the elemental contents and
chemical states of Co@NC-X catalysts. As shown in Fig. 4, N 1s
XPS spectra are deconvoluted into different N species for various
pyrolyzed catalysts. For Co@NC-800, the binding energies exist
at 398.7, 400.3, 401.3, and 403.4 eV, which can be assigned to
pyridinic N, Co-N, pyrrolic N, and graphitic N [47], respec-
tively. For the Co@NC-600 catalyst, only pyridinic N and pyr-
rolic N exist. Co-N species can be observed when the pyrolysis
temperature reaches 700°C. Interestingly, it is observed in Fig. 4
and Table S3 that the content of Co-N species increases along
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Figure 4 XPS spectra of N 1s region for (a) Co@NC-600, (b) Co@NC-700, (c) Co@NC-800, and (d) Co@NC-900 catalysts.

with the pyrolysis temperature to 800°C but descends at 900°C.
Therein, the Co@NC-800 catalyst possesses the largest number
of Co-N species. This further verifies that the coordination
environment of Co NPs, specifically the Co-N species, can be
effectively tuned by altering the pyrolysis temperature. More-
over, it is revealed that the number of Co-N species can
determine the hydrogenation performance of 3-nitrostyrene on
Co@NC-X catalysts, the trend of which is well consistent with
that analyzed using EXAFS characterization.

DISCUSSION

Catalysts containing Co-N species have been extensively studied
using pyrolysis strategies with different precursors, such as well-
defined cobalt complexes [26,48], a mixture of cobalt salts and
N-containing carbon source [44,49], as well as MOFs
[29,31,50,51]. Therein, thermal decomposition of MOFs, with
high surface area and different metals, has been demonstrated as
a facile route to synthesize N-doping porous carbon-supported
Co-based materials. However, most of the reported methods
require crystalline MOFs as a precursor, which consumes a large
amount of solvent in the preparation process and the subsequent
washing procedure, resulting in severe environmental issues.
This study developed a new and green method to prepare an
efficient Co@NC-X catalyst without using any solvent, in which
zinc and cobalt salts and 2-MeIM ligand were mixed in the solid
state, then dried and pyrolyzed under the optimized condition.
This synthesis method can result in the catalytic formulation of
Co@NC with a structure of nitrogen-doped graphene shell with
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encapsulated Co NPs that have strong bonding between N
species and Co sites, as suggested in Fig. 2. The resulting
Co@NC-800 catalyst exhibits good catalytic performance in the
selective hydrogenation of 3-nitrostyrene, yielding ~100% con-
version and >99% selectivity to 3-vinylaniline. Meanwhile, the
catalyst displays good stability and substrate universality.
Although the materials containing Co-N species have been
investigated in the selective hydrogenation of nitroarene, there
are still some debates on Co-relevant active sites, such as metal
Co particles, graphite-encapsulated metal Co particles, and
atomically dispersed Co-N; species [36,50]. Here, the active sites
were absolutely confirmed as Co-N species using the analysis of
XAFS, XPS, and experimental results. It was found that the
coordination number of Co-Co and particle size of metal Co did
not affect the catalytic performance, according to Table 3 and
Table S1. In contrast, the valence state of Co species played an
important role in the hydrogenation reaction, where slightly
positive Co species in the catalysts pyrolyzed at 700, 800, and
900°C showed better catalytic performance than highly positive
Co species in the Co@NC-600 catalyst as listed in Table 1.
Comparatively, the Co-N species played a critical role in the
hydrogenation reaction, of which different pyrolysis tempera-
tures can tune the content of Co-N species. In detail, it can be
observed from Fig. 5 that an obvious relationship with a vol-
cano-like profile between hydrogenation performance and
Co-N coordination number and Co-N amount can be estab-
lished, where the Co@NC-800 catalyst with rich Co-N species
and higher coordination number exhibited the best catalytic
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performance. These results indicate that the Co-N content is
positively related to the hydrogenation performance, unequi-
vocally confirming the Co-N species as the active sites.

On the Co@NC-800 catalyst, there is a strong interaction
between the active sites and the substrate, where metallic Co
particles are in close contact with N-doped carbon, and the
electron transfer exists at the interface of Co and N-doped
carbon [52-54]. This can result in the redistribution of electrons
and formation of an electron-rich region in the N-doped carbon
shell due to the Mott-Schottky base effect [38,54,55]. For 3-
nitrostyrene, the -NO, group of this reactant is electron-defi-
cient, which is facile to be attracted by the electron-rich carbon
substrate [31]. Thus, the Co-N centers of the Co@NC-800 cat-
alyst can facilitate the adsorption of 3-nitrostyrene. Additionally,
the encapsulated Co particles using N-doped carbon shells are
favorable for improved selectivity. Due to this, the exposed Co
NPs can lead to the coadsorption of two or more functional
groups for decreased selectivity [38]. Therefore, the encapsulated
structure of Co@NC-800, which contains more Co-N active
species than other Co@NC-X catalysts, can simultaneously
enhance the activity and selectivity in the hydrogenation of
nitroarenes.

Additionally, Co@NC-800 can also adsorb H, reactants
according to the H,-TPD result (Fig. S10). The metallic Co NPs
and doped nitrogen species can facilitate the activation of H, in
the dissociated form [53,56,57]. This phenomenon was further
analyzed by investigating the kinetic parameters of H, pressure
for different catalysts. As shown in Fig. S11, the H, reaction
orders over the Co@NC-700, Co@NC-800, and Co@NC-900
catalysts were calculated to be 1.28, 0.78, and 1.71, respectively.
The lower the reaction order, the weaker the dependence of the
catalytic performance on the adsorption of reactants, that is, the
higher the coverage of the reactant on the active sites [44,58].
Thus, the lowest value of H, reaction order on the Co@NC-800
catalyst suggested the most feasible activation of H,, which
originated from the abundant Co-N species for its dissociation
[44,59]. This property facilitated the further hydrogenation of 3-
nitrostyrene with high activity and selectivity on Co@NC-800.

CONCLUSIONS
In summary, a green and facile method was explored to prepare
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a nitrogen-doped graphene shell-encapsulated Co catalyst
without employing any solvent. The prepared Co@NC-800
catalyst exhibits excellent catalytic performance in the selective
hydrogenation of 3-nitrostyrene, achieving 100% conversion and
>99% selectivity for 3-vinylaniline under relatively mild condi-
tions (80°C and 3 MPa). Moreover, it exhibits good versatility to
other substrates with a reducible group and excellent reusability.
The superior performance can be attributed to the role of the
unique encapsulated structure and the active Co-N species,
which can be tuned by changing the pyrolysis temperature. The
proposed strategy here provides a novel way to synthesize Co-
based catalysts in an environment-friendly approach.
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