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Abstract

Metallic cobalt nanoparticles with surface CoOx patches covered by thin layered carbon (named as
Co@C), have been directly synthesized by thermal decomposition of Co-EDTA complex. Raman
spectra and HRTEM images suggest that discontinuities can be found in the disordered layered
carbon. XPS shows that the CoOx patches in the Co@C nanoparticles can reduced to metallic Co by
H, under reaction conditions (7 bar at 120 °C), and H,-D, exchange experiments show that the
reduced metallic Co nanoparticles covered by carbon layers can dissociate H,. The Co@C
nanoparticles show excellent activity and selectivity during chemoselective hydrogenation of
nitroarenes for a wide scope of substrates under mild reaction conditions. Based on the results from
DRIFTS adsorption experiments, we propose that metallic Co in the Co@C nanoparticles is the
active phase. The role of the carbon layers is to protect the Co from over-oxidation by air, leading to

the chemoselective hydrogenation of nitroarenes.
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1. Introduction

The chemoselective hydrogenation of nitroarenes is an important hydrogenation reaction for
production of fine and bulk chemicals with wide industrial and pharmaceutical applications.* Noble
metals such as Au, Pt, Ru, Pd, Ir have been proved to be active components for hydrogenation of
nitroarenes.>> By controlling the metal-support interaction and particle size, the chemoselective
hydrogenation of nitroarenes can be carried out with high chemoselectivity.*> However, considering
the high price and limited availability of noble metals, it is of interests to develop non-noble metal
catalysts for chemoselective hydrogenation reactions.

In the last years, non-noble metal catalysts have attracted much attention due to their comparable
properties with noble metal catalysts in photocatalysis, electrocatalysis, and in homogeneous and
heterogeneous catalysis.®® Recently, the applications of CoO,@N-doped carbon and
Fe,Os@N-doped carbon materials for chemoselective hydrogenation of nitroarenes has been
reported.’®* In their works, the catalysts work under high-pressure conditions (50 bar of H,), and the
authors claimed that metal oxide nanoparticles covered by carbon layers were thought to be the
active species for the chemoselective hydrogenation and hydrogenation-transfer reaction. In a recent
paper, Wang et al. observed the in situ transformation of CoOx to metallic Co during the selective
hydrogenation of nitroarenes under 30 bar of H,, although the catalyst was a mixture of CoOx and
metallic Co.* As substitutes for noble metal catalysts, the non-noble metal catalysts should work
under similar conditions like Pt (3-6 bar of H,) and Au (9-15 bar of H,) catalysts. However, the
reported catalysts are working under much higher H; pressure than noble metal catalysts.

And from the above reports, it’s still not clear whether metallic Co or CoOx is the active phase for
the selective hydrogenation reaction. Moreover, if one considers that in situ dynamic transformation
of metal species can occur under reaction conditions, the real active species in the hydrogenation
reaction may not be the starting materials. Furthermore, the role of the layered carbon materials in
the catalytic mechanism during those catalytic hydrogenation has not been clarified. In some works,
the carbon layers can protect metal NPs. For example, Ding et al. prepared supported Ni NPs
embedded in carbon nitride layers for hydrogenation of nitrobenzene under strong acid condition.*®
The carbon layers may also block the accessibility of substrates to the metal NPs. In some previous
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works, it was proposed that the hydrogenation reactions occur on the surface of carbon layers.
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However, considering the impermeability of graphene, H, cannot diffuse directly through perfect
graphene layers making even more difficult to unreveal the role of carbon layers in hydrogenation
reactions.'**

In the first part of this work, by following the thermal decomposition of a Co-EDTA complex, we
prepare monodispersed Co nanoparticles with a thin carbon shell (Co@C). Compared with
conventional method for monodispersed Co nanoparticles, organic ligands are not required here to
stabilize the Co nanoparticles. The resultant material can catalyze the chemoselective hydrogenation
of nitroarenes under mild reaction conditions similar to Au catalysts (7-10 bars of H) with high
activity and selectivity (> 93%). In the second part of this work, with the help of in situ spectroscopic
characterizations, we will show that the selective adsorption of reactants occurs on the surface of

cobalt nanoparticles. Metallic Co, instead of CoOx, is the active phase for hydrogenation reaction

and the role of the carbon layers is to protect the metallic Co NPs from over-oxidation.

2. Experiments

Preparation of Co@C NPs. The Co@C NPs were prepared through the reduction of Co-EDTA
complex by H,. The Co-EDTA complex were prepared through a hydrothermal process. First, 6.98 g
Co(NOs3),, 4.47 g Na,EDTA and 0.96 g NaOH are dissolved in 20 mL H,O. Then, 10 mL methanol
was added to the mixed aqueous solution temperature under stirring at room temperature. After the
formation of a homogeneous solution, 23 mL of the purple solution was transferred into a 35 mL
stainless steel autoclave followed by static hydrothermal processing at 200 °C for 24 h. After cooling
to room temperature, the generated precipitates were filtered and washed with deionized water and
acetone several times followed by drying at 100 °C in air for 16 h. The obtained complex was
denoted as Co-EDTA. Then, Co@C NPs were prepared by reduction of Co-EDTA in H, (50 mL/min)
at 450 °C for 2 h with a ramp rate of 10 °C/min from room temperature to 450 °C. After the H,
reduction process at 450 °C, the sample was cooled down to room temperature in H, atmosphere.
Then the black solid product was stored in a glass vail in ambient environment. The ICP analysis
shows that the amount of cobalt in the Co@C NPs is > 95 wt%. The Co@C-250Air and

Co@C-450Air were prepared through the calcination of Co@C sample in air (50 mL/min) at 250

and 450 °C for 2 h with a ramp rate of 5 °C/min, respectively.
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Catalytic studies. The chemoselective hydrogenation of nitroarenes was performed in batch reactors.
The reactant, internal standard (dodecane), solvent (toluene or THF), powder catalyst as well as a
magnetic bar were added into the batch reactor. After the reactor was sealed, air was purged by
flushing two times with 10 bar of hydrogen. Then the autoclave was pressurized with H, to the
corresponding pressure. The stirring speed is kept at 800 rpm and the size of the catalyst powder is
below 0.02 mm to avoid either external or internal diffusion limitation. Finally, the batch reactor was
heated to the target temperature. For the kinetic studies, 50 uL of the mixture was taken out for GC
analysis at different reaction time. For the scope studies, 100 pL of the mixture was taken out for GC

analysis. The products were also analyzed by GC-MS.

Characterization techniques. Samples for electron microscopy studies were prepared by dropping
the suspension of Co@C NPs using CH,ClI; as the solvent directly onto holey-carbon coated Nickel
grids. All the measurements were performed in a JEOL 2100F microscope operating at 200 kV both
in transmission (TEM) and scanning-transmission modes (STEM). STEM images were obtained
using a High Angle Annular Dark Field detector (HAADF), which allows Z-contrast imaging.

Field-emission scanning electron microscopy (FESEM) measurement is performed with a ZEISS
Ultra 55 FESEM. The solid powder sample was adsorbed on conductive carbon tape.

X-ray photoelectron spectra of the catalysts were recorded with a SPECS spectrometer equipped
with a Phoibos 150MCD-9 multichannel analyzer using non monochromatic MgKa (1253.6 eV)
irradiation. Spectra were recorded using analyser pass energy of 30 eV, an X-ray power of 100W and
under an operating pressure of 10”° mbar. The fresh Co@C NPs sample was reduced by H, (7 bar) at
120 °C for 60min in a high pressure catalytic cell connected, under ultra-high vacuum, to the XPS
analyze chamber. Peak intensities have been calculated after nonlinear Shirley-type background
subtraction and corrected by the transmission function of the spectrometer. During data processing of
the XPS spectra, binding energy (BE) values were referenced to Cls peak (284.5 eV). CasaxXPS
software has been used for spectra treatment.

Raman spectra were recorded at ambient temperature with a 785 nm HPNIR excitation laser on a

Renishaw Raman Spectrometer (“Reflex”) equipped with an Olympus microscope and a CCD
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detector. The laser power on the sample was 15mW and a total of 20 acquisitions were taken for each
spectra.

Hydrogen /deuterium (H/D) exchange experiments were carried out in a flow reactor at 25 and 80
°C. The feed gas consisted of 4 mL/min Hy, 4 mL/min D, and 18 mL/min argon, and the total weight
of catalyst was 180 mg. Reaction products (H,, HD and D) were analysed with a mass spectrometer
(Omnistar, Balzers). The Co@C sample has been in situ reduced at 450 °C for 2 h with a ramp rate of
10 °C/min from room temperature to 450 °C. Then the temperature was decreased to 25 °C and, once
stabilized, the H, feed was change to the reactant gas composition. The temperature was increased to
80 °C and maintained at 80 °C for 1 h.

DRIFT spectra were recorded at room temperature with a Nexus 8700 FTIR spectrometer using a
DTGS detector and acquiring at 4 cm™* resolution. Prior to the adsorption experiments, the ex situ
reduced samples was in situ reduced at 120 °C in H, atmosphere for 2 h. After activation the sample
was evacuated at 10Z mbar and nitrobenzene and/or styrene adsorbed until sample saturation
followed by evacuation (10 mbar) in order to remove physisorbed species. A commercial DRIFT
cell (SPECAC) has been used. Spectra were acquired in Kubelka-Munk units.

Powder X-ray diffraction (XRD) was performed in a HTPhilips X Pert MPD diffractometer

equipped with a PW3050 goniometer using Cu Ka radiation and a multisampling handler.

3. Results and discussions

3.1 Catalyst preparation and characterization

The Co@C NPs were prepared by thermal decomposition of Co-EDTA complex in H;
atmosphere at 450 °C. The morphological characterization of Co-EDTA complex can be found in
supporting information (see Fig. S1). The morphology of Co@C NPs was characterized by FESEM
and TEM. As it is shown in Fig. S2 and Fig. 1a, the Co@C material is formed by monodispersed
metal NPs ranging from ca. 20 nm to ca. 150 nm. Those Co NPs are covered by carbon layers with
thickness ranging from ca. 1 nm to ca. 10 nm (Fig. 1b). From the HRTEM images (Fig. 1c and Fig.
1d), the lattice fringe of metallic Co can be seen.” A further look to the surface structures of the Co
NPs allows to observe the crystal lattice fringes of CosO4, as shown in Fig. S3.*® Therefore, one can

assume, in a first approximation, that the Co NP can be formed by a core-shell structure with metal
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Co at the core and CoOx as the shell. In order to know the chemical composition of the Co@C
sample, STEM-HADDF elemental mapping was performed and the results are displayed in Fig. 1g
to 1j. They confirm that Co NPs are covered by carbon layers. Meanwhile, oxygen can also be found
in the sample, that may come from surface CoOx and/or from the oxygenated groups in carbon
layers. Contrast profiles of the carbon layers over Co NPs were also obtained, as presented in Fig. 1le
and Fig. 1f. It can be seen there that the distance between the carbon layers is 0.34-0.37 nm, which
corresponds to the distance between graphene layers. The thickness of most carbon layers are
between 1 nm and 5 nm, with several layers of graphene.’® A schematic illustration about the
structure of Co@C NP is shown in Fig. 1k, indicating that the particle contains metallic Co as the
core as well as some CoOx patches on the surface and carbon layers surrounding.

From the HRTEM images (Fig. S4 to Fig. S6), it can also be seen that the thin carbon layers over
Co NPs are not closed and some cracks can be found, implying that reactant molecules can have
access to the Co NPs through the carbon layers. This can explain why the Co@C NPs could be
partially oxidized by air in ambient condition after the preparation procedure. In a recent work of
Bao and his co-workers, they have prepared a sample with CoNi alloy NPs totally encapsulated by
several layers of graphene.? Those CoNi NPs are not soluble in a strong acid environment due to the
protection effect of the carbon layers. However, in our case, Co NPs covered by cracked carbon
layers can be almost totally dissolved in aqueous H,SO,4 (photographs of the dissolving process can
be seen in Fig. S7), suggesting that Co@C NPs are not totally covered by carbon layers.

In general, due to the instability of metallic Co NPs, their preparation for heterogeneous catalytic
application still remains a challenge. So far, metallic Co NPs are usually prepared through
wet-chemistry method.??® In those methods, Co NPs are capped by organic ligands to protect them
from agglomeration and oxidation by air, but, at the same time, these long-chain organic ligands
decrease the activity of Co NPs. Furthermore, Co NPs prepared from wet-chemistry methods are
usually not stable in ambient conditions due to the oxidation of Co by air. In contrast, with the
protection effect of carbon layers, the Co NPs prepared by our method can be stored under ambient
conditions for over one month without obvious morphological changes. Only the oxidation of Co
NPs at the surface occurs and CoOx patches are formed that can be easily reduced by H; to metallic

Co. Compared with previous reported pyrolysis methods (calcination at 800 °C), well-defined Co@C
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NPs with carbon layers can be directly synthesized at relatively lower temperature. These air-stable

Co@C NPs with CoOx patches can be prepared in large scale (several grams) in a facile way.
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Fig. 1. Morphological characterizations of Co@C NPs. (a, b) Low-magnification TEM image of
Co@C. The size of Co NPs ranges from ca. 20 to ca. 150 nm. Monodispersed Co NPs are separated
by carbon layers, as show in (b). (c, d) HRTEM images of Co NPs covered by carbon layers. (e, f)
Profile of the carbon layers in selected areas in ¢ and d, respectively. The distance between two
carbon layers is about 0.36-0.37 nm. (g) STEM-HADDF image of Co@C NPs. (h-j) Elemental
mapping of Co, C and O. (k) Schematic illustration of the structure of Co@C NPs. Blue balls stands
for metallic Co and yellow balls stands for CoOx. The surface of Co NP is mainly made of CoOx

while the core is metallic Co. The green circle surrounding the particle is the carbon layers with

cracks.
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Fig. 2. Structure characterizations of Co@C NPs. (a) XRD pattern of fresh Co@C NPs, (b) Raman
spectrum of Co@C NPs, XPS spectra of Co 2p region (c) and Co L3VV Auger spectra (d) of the
fresh Co@C NPs and the sample after ex situ reduction by 7 bar of H, at 120 °C.
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The bulk and surface properties of the Co@C NPs were also investigated. The XRD pattern of
Co@C NPs is shown in Fig. 2a. Only the X-ray diffraction patterns of metallic Co can be observed
with no X-ray diffraction peaks corresponding to other species, although the formation of CoOx
patches could be observed by HRTEM. The fact that CoOx is not detected by XRD should be due to
the low amount of CoOx patches in the Co@C sample. In the case of metallic Co, besides the cubic
Co phase (PDF code: 96-900-8467), a small amount of hexagonal Co phase (PDF code: 96-900-8493)
can also be observed in the XRD pattern. For metallic Co, the hexagonal-closed packed (hcp) phase
is more stable at lower temperature than the face-centered cubic (fcc) phase.?* Since the Co-EDTA
complex was decomposed and reduced at 450 °C, it is not surprising to see that both phases can
exist.

The surface structures of Co@C NPs as well as the carbon layers were also studied by Raman
spectroscopy. As it is indicated in Fig. 2b, vibration modes of Co304 (F2q, Eq and Ajg) can be
observed.? Besides, the typical Raman signals of layered carbon, bands at 1318 cm™ and 1595 cm™,
can be observed, which are corresponding to D and G band, respectively.”’ No peak related to 2D
band is detected between 2500 and 2800 cm™. The intensity ratio of G band (Ig) to D band (Ip) is ca.
0.8, suggesting that there is a large percentage of disorder in the structured carbon in Co@C NPs.?
Combing these results and those from HRTEM images, it can be speculated that the degree of
graphitization is relatively low in the carbon layers around Co NPs. Therefore, based on the
structural characterizations, we can propose that Co@C NPs have core-shell structures with metallic
Co as the core, CoOx on the surface of Co crystallites and thin layered carbon as the shell.

X-Ray photoelectron spectroscopy (XPS) was employed to study the chemical state of Co in the
as-prepared Co@C NPs. The Co@C NPs were reduced by H, at 7 bar and 120 °C (That condition
will also be used in the hydrogenation reaction.) within a pre-reactor integrated to the apparatus and
the sample is maintained isolated from any external contact during all the process. The XPS spectra
of Co 2p region and Auger spectra of Co L3VV are shown in Fig. 2c and Fig. 2d, respectively. In the
as-prepared Co@C sample, only CoOy can be observed, which can be ascribed to the CoOx patches
on the surface of Co NPs.? After H, reduction treatment (7 bar of H, at 120 °C), the CoOXx is totally

transformed into metallic Co, as confirmed by both Co 2p XPS and Co L3VV Auger spectra. In the
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fresh as-prepared catalyst, N is presented in the sample, as shown by elemental mapping (see Fig.
S8). However, after the ex situ reduction treatment, no N can be found in the sample by XPS,
indicating that there is practically no N species in the working catalyst.

With the characterization results presented up to now, we can say that during preparation of Co@C
NPs, Co NPs of 20-150 nm were generated which are formed by a metallic Co core with CoOx on
the surface that are surrounded by disordered carbon layers. Moreover, under reduction conditions,

that are the same used for performing the catalytic test, the CoOx patches can be totally reduced to

metallic Co.
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Fig. 3. (a) Reaction scheme of the chemoselective hydrogenation of 3-nitrostyrene. Reaction
conditions: 0.5 mmol 3-nitrostyrene, 30 mg Co@C NPs as the catalyst, 2 mL toluene as solvent, 30
uL dodecane as the internal standard. (b) Catalytic performances of Co@C, Co@C-250Air and
Co@C-450Air in chemoselective hydrogenation of 3-nitrostyrene to 3-aminostyrene. The black
legends and red legends correspond to conversion and selectivity, respectively. (c) Catalytic
performances of Co@C-H,;, Co@C-250Air-H, and Co@C-450Air-H, in chemoselective

hydrogenation of 3-nitrostyrene to 3-aminostyrene. The black legends and red legends correspond to

conversion and selectivity, respectively.

3.2 Catalytic results

At this point, the chemoselective hydrogenation of 3-nitrostyrene was chosen as the model

reaction to study the catalytic properties of Co@C NPs and to see if the non-noble metal cobalt
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nanoparticles can behave as a chemoselective catalyst. For testing this, the same reaction conditions
that showed chemoselective hydrogenation when using noble metal catalysts, i.e. 120 °C and 7 bar of
H, were selected.* Notice that these are much milder conditions than those reported for the
hydrogenation of 3-nitrostyrene with Co- and Fe-based catalysts.'>** The reaction conditions and
catalytic results are given in Fig. 3. li can be seen there that fresh Co@C NPs are active and selective
catalyst for the hydrogenation of 3-nitrostyrene. When the conversion of 3-nitrostyrene is 95%, the
selectivity to 3-aminostyrene is 93% which is comparable to the values obtained with noble metal
catalysts.* The initial TOF calculated based on surface Co atoms is ca. 8.2 h™ according to the
particle size distribution of Co@C NPs. Notably, a reaction induction period of about 20-30 min can
be observed in the kinetic curve (Fig. S9) when starting with the fresh catalyst that contains a core of
metallic cobalt and a shell of CoOx. According with XPS results, this induction period could be
caused by the time required for the reduction of surface CoOx to metallic Co under the reaction
conditions. As presented in Fig. S10, the morphology and particle size distribution after the reduction
under reaction conditions is similar to the fresh Co@C sample, suggesting that no structural changes
or agglomeration has occurred. HRTEM images of the used sample also confirm that metallic Co
NPs are still surrounded by carbon layers. Therefore, the above morphological characterization
indicates that the nanoscale structures of the Co@C NPs sample is stable under reaction condition.

In a recent work, Zhang et al. have demonstrated that atomically dispersed Co species in the
carbon matrix can serve as the active sites for oxidation reactions.*® Herein, in order to exclude the
role of atomically dispersed Co species in the hydrogenation reaction, we have also measured the
residual solid after the acid leaching treatment (as shown in Fig. S7). No activity can be observed in
the hydrogenation of 3-nitrostyrene, suggesting that the metallic Co NPs should be the active sites
for hydrogenation reactions.

The recyclability of Co@C NPs in hydrogenation of 3-nitrostyrene was also tested. Since metallic
Co NPs are paramagnetic, the separation of the solid catalyst from the liquid was very facile with the

help of a magnetic bar*!2

(see Fig. S11). After washing several times with toluene, the catalyst can
be reused without further treatments, and the Co@C catalyst shows good activity and selectivity for

5 recycles (see Table S1).
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3.3 Role of the carbon layers in the catalyst

At this point, we know that the reduced Co@C NPs are active and chemoselective for reduction of
substituted nitroarenes into corresponding anilines under mild reaction conditions. To investigate if
the carbon layers play an intrinsic role for the chemoselective hydrogenation reaction, calcination of
the Co NPs at 250 and 450 °C in air was performed to remove the carbon layers on the nanoparticles.
The samples after calcination in air are denoted as Co@C-250Air and Co@C-450A.ir, respectively.
From the Raman spectra (Fig. S12), we can find that in Co@C-250Air, bands at 1318 and 1595 cm™
are still visible indicating that part of the carbon layers are still preserved. In Co@C-450Air, the
above Raman bands are already very small suggesting that almost all the carbon layers have already
been removed. As shown in Fig. 3b, it is possible to see that activity and selectivity drops when
Co@C-250Air is used, while Co@C-450Air shows no activity in the hydrogenation reaction. The
product distribution in the hydrogenation of 3-nitrostyrene with a Co@C-250Air sample as the
catalyst is shown in Fig. S13. To explain these changes, TEM is used to clarify the structural
transformation occurring with Co@C NPs after calcination in air. As shown in Fig. S14, metallic Co
NPs crack into smaller CoOx NPs after the calcination in air at 250 °C, which has also been observed
in other works.® The crystal lattice fringes of CoOx NPs can be observed in the HRTEM images,
though, there are still some metallic Co NPs in the Co@C-250Air sample. Some carbon layers can
still be found on Co-CoOx and CoOx NPs in Co@C-250Air, as was confirmed by Raman spectra. It
should be noted that part of the carbon layers were burn during the calcination in air, resulting in the
formation of naked Co and CoOx NPs.

In the Co@C-450Air sample (shown in Fig. S15), Co NPs are totally converted into Co3O04 NPs.
The phase composition of the samples after calcination in air can also be measured by selective area
electron diffraction (SAED). As can be seen in Fig. S16, metallic Co NPs transform into a mixture of
Co and Co304 when calcined at 250 °C, and to pure Co304 when calcination was performed at 450
°C. Considering the significant decrease of activity observed when the Co@C sample was calcined at
250 °C and even more when temperature was 450 °C, it can be deduced that CoOx or Co30,4 cannot
be the catalytically active phase.

Co@C, Co@C-250Air and Co@C-450Air NPs were reduced in the batch reactor under higher
temperature and H, pressure (200 °C, 10 bar of H,) before the hydrogenation reaction to reduce the
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CoOx species into metallic Co. After the reduction pre-treatment, 3-nitrostyrene was added and the
hydrogenation reaction was performed at 7 bar of H, and 120 °C. As presented in Fig. 3c, the
Co@C-H; gives a similar kinetic curve as the pristine Co@C except for the disappearance of the
induction period due to the reduction pre-treatment. However, the situation changes a lot in the case
of Co@C-250Air and Co@C-450Air. The Co@C-250Air-H, sample shows higher activity than
pristine Co@C NPs and very good selectivity. This would indicate that the metallic Co NPs formed
after reduction of Co@C-250Air should be responsible for the high activity and selectivity in
hydrogenation reaction observed with Co@C-250Air-H,. What’s more, the reduction pre-treatment
also has a significant effect on Co@C-450Air. After H, reduction, the Co@C-450Air-H, sample
shows moderate activity and high selectivity, which further indicates that the chemoselective
hydrogenation of 3-nitrostyrene is related with metallic Co and the role of carbon layers in Co@C

NPs is mainly to protect Co NPs from over-oxidation by air.
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Fig. 4. H,-D, exchange and DRIFTS adsorption experiments. (a) Enhancement of the ion current in
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Co@C-250Air-H, NPs at 80 °C. (b) DRIFTS of adsorbed nitrobenzene, (c) DRIFTS of adsorbed
styrene and (d) DRIFTS of co-adsorbed nitrobenzene and styrene on Co@C NPs and Co@C-250Air

sample.

3.4 In situ adsorption spectroscopy study.

In order to explain the activity and high selectivity of Co@C NPs, H,-D, exchange and the
adsorption of substrates on Co@C NPs followed by diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) were carried out. The H,-D, exchange rates on Co NPs and Co@C-250Air
(with and without H, pre-reduction) are shown in Fig. 4a. Hy-D, exchange can be observed on
Co@C NPs. Interestingly, as displayed in Fig. S17, a large amount of H, was released from Co NPs
when the atmosphere was changed from H, to Ar after the in situ reduction process. The H, released
should come from the H, adsorbed by Co NPs.*** It appears then that H. diffuses through the
potential cracks present in carbon layers and it is activated on the surface of Co NPs. In the case of
Co@C-250Air, no H,-D, exchange can be observed when the sample is not pre-reduced. After H,
pre-treatment, the H,-D, exchange rate is higher on Co@C-250Air-H; than on Co@C suggesting that
more Co sites are exposed after the removal of carbon layers and reduction of CoOx. The H,-D,
exchange experiments further confirm that metallic Co are the active sites for H, activation and
carbon layers are not playing a direct role on the catalytic process.

We have found in previous work that the way that the reactant is adsorbed on metal catalysts can
determine the chemoselectivity during hydrogenation of substituted nitroaromatics.®® Then, in order
to explain different catalytic behavior of Co@C NPs and Co@C-250Air samples for chemoselective
hydrogenation of 3-nitrostyrene, we have performed in situ IR adsorption experiments by DRIFTS
with nitrobenzene and styrene as probe molecules. For comparison, the IR spectra of nitrobenzene
and styrene on KBr substrate have also been measured (see Fig. S18). The adsorption spectra of the
probe molecules on Co@C and Co@C-250Air are shown in Fig. S19. The IR adsorption spectra of
nitrobenzene on Co@C and Co@C-250Air samples show wide IR bands between 1600 cm™ to 1250
cm™ in both samples (see Fig. 4b). The vibration bands of -NO, groups can be observed at ca. 1525
cm™ and 1360 cm™.3"*® The intensity of the IR bands is similar on both samples suggesting that the

adsorption spectra of Co@C and Co@C-250Air for nitrobenzene are similar. On the other hand, the
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adsorption spectra of styrene on Co@C and Co@C-250Air (Fig. 4c) are significantly different.
Indeed, as can be seen in Fig. 4c, the IR band corresponding to the aromatic ring can be observed
between 1580 cm™ and 1450 cm™, with the vibration mode of C=C bond at ca. 1625 cm™.*
Co@C-250Air shows much stronger adsorption of styrene than Co@C sample, indicating that the
adsorption of styrene on CoOx NPs will be enhanced when metallic Co NPs are oxidized. We have
also studied the co-adsorption of nitrobenzene and styrene on Co@C and Co@C-250Air by DRIFTS.
As can be seen in Fig. 4d, only the adsorption of nitrobenzene can be observed on Co@C, while a
strong adsorption of styrene on Co@C-250Air occurs. In the case of Co@C-450Air, only the
adsorption of styrene can be observed after the evacuation (see Fig. S20). Therefore, based on the IR
adsorption results, we can conclude that the chemical states of Co have significant influences on the
adsorption properties of substrate molecules in Co@C NPs. For metallic Co NPs, only -NO, groups
will be preferentially adsorbed. In contrast, when the Co NPs are partially oxidized, the C=C instead
of —NO, groups will be preferentially adsorbed. The selective adsorption observed in above
experiments can explain the differences for the chemoselective hydrogenation of 3-nitrostyrene on

metallic and partially oxidized cobalt nanoparticles.
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3.5 Catalytic mechanism

S

Fig. 5. Proposed reaction pathways of hydrogenation of 3-nitrostyrene on Co@C NPs with coverage
of carbon layers (a) and defective coverage of carbon layers (b). In schematic illustration Fig. 5a, the

chemoselective hydrogenation of -NO, groups can be divided into the following steps: the diffusion
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of H, from the gas phase up to the surface of metallic Co NPs (1), activation of H, (2), adsorption of
the nitro aromatic (3), H-transfer from Co NPs to -NO, groups (4) for selective hydrogenation of —
NO; groups. The scheme presented in Fig. 5b, sample with Co3O,4 patches after removal part of
carbon layers, hydrogenation of -NO, and =C groups can be divided into following steps, including
the diffuse of H to the surface of metallic Co NPs (1), activation of H, (2), hydrogen transfer (3) and
hydrogenation of both -NO, and C=C groups (4). In schematic illustration Fig. 5c, for the in situ
reduced sample after removal part of carbon layers, the chemoselective hydrogenation of —NO;
groups can be divided into several steps, including the diffuse of H; to the surface of metallic Co
NPs (1), activation of H, (2), H-transfer from Co NPs to —NO, groups (3) and selective
hydrogenation of -NO; groups (4).

It appears then that unless Co nanoparticles are reduced to metallic nanoparticles, their activity
and selectivity will be relatively low. In the case that partial (surface) oxidation occurs not only the
hydrogenation activity is low, but also it will favor adsorption of styrene versus nitrobenzene, which
can further favor the loss of chemoselectivity during the hydrogenation of 3-nitrostryrene.

Based on the above catalytic results and spectroscopic characterizations, we propose a reaction
mechanism of chemoselective hydrogenation of 3-nitrostyrene on Co@C NPs covered by disordered
carbon layers. Three cases with different oxidation state of Co and coverage of carbon layers are
considered. As shown in Fig. 5, the first step in the hydrogenation reaction catalyzed by both Co@C
and Co@C-250Air is the diffusion of H, to the surface of Co NPs under the cover of carbon layers.
Then H; will be activated by Co NPs and form active H species. The third step will be different for
Co@C and Co@C-250Air due to their different adsorption properties to the substrate molecules. In
the case of Co@C (Fig. 5a), 3-nitrostyrene will be adsorbed on metallic Co preferentially through
the -NO, groups, which will be reduced by the active H species formed on Co NPs. The adsorption
of C=C bond on Co@C sample is relatively weak. However, in the case of Co@C-250Air (Fig. 5b),
both C=C and —NO, group can have direct access to the surface of Co NPs. As a consequence, both —
NO; and C=C groups can be hydrogenated by H,, resulting in lower selectivity. When Co@C-250Air
is reduced by H, before the catalytic test (Fig. 5¢), more metallic Co sites will selectively absorb —

NO; group instead of C=C bond, leading to high activity and selectivity.
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3.6 Scope of the catalyst

Table 1. Scope of the hydrogenation of nitroarenes catalyzed by Co@C NPs. Reaction condition:

Co@C NPs is 30 mg. 0.5 mmol nitroarenes, 30 uL dodecane as the internal standard, 2 mL toluene

as the solvent. 1100 mg Co@C NPs as the catalyst. 12 mL THF as the solvent.

Entry Substrate Product Time (h) H; pressure (bar) Temp. (°C) Con. Sel.
NO; NH>
1 /©/ /©/ 6 7 120 93% 95%
& Z
NO; NH;
2% @[ @: 12 10 100 95% 95%
CHO CHO
| NO, I NH,
3 \Cr U 5 10 140 99% 97%
NO, NH;
4 /@ ,© 10 10 140 95% 99%
Br Br
NO, NHa
5 /©/ /@’ 8 10 140 99% 97%
Cl Cl
NO, NH;
6 ﬁ\/@ YO/ 12 10 140 99% 95%
0 0]
NO, NH,
7 /©/ O 10 8 120 99% 99%
~o0 ~o
N N
8 5 E 10 8 120 91% 93%
N02 NH2
B i
9 K K 15 10 140 98% 95%
NO, NH
N0, «NH,
10 » | 15 10 140 99% 95%
N N
0 0
113 @ANHE dNHz 10 10 140 97% 99%
0,N HoN
o 0
12 O)Lo/ /O)LO/ 10 10 140 97% 99%
0,N H,N
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The scope of Co@C NPs in hydrogenation of substituted nitroarenes was investigated by reacting
substituted nitrobenzene with halogens, amides, ester groups. In all cases, activity and
chemoselectivity were high when working under mild reaction condition (Table 1). Selective
hydrogenation of -NO, groups can be performed in the presence of groups such as olefins, alkynes
and carbonyl under much lower H;, pressure (7-10 bar) compared with previous reports (30-50
bar).>*? As it can be seen in Table 1, all the substrates can be selectively transformed with over 93%
selectivity. Most of the entries show over 90% vyield in the case of both electron-deficient and
electron-rich substituents. Co@C NPs are also active and selective for nitroarenes with easily
reducible moieties including alkyne, amide, ester, ketone and halogens. In previous work, the yields
of heteroaromatic amines are not very high (from 53% to 75%). With Co@C NPs, we can get much
higher yield of heteroaromatic amines (Entry 9 and 10 in Table 1). Thus, Co@C NPs are superior

catalysts for chemoselective hydrogenation of nitroarenes under mild conditions.

4. Conclusions

In this work, we present a strategy for the synthesis of Co@C NPs. Metallic Co NPs are covered
by thin carbon layers with small cracks. H, can diffuse through the cracks in the thin carbon layers
and be activated at room temperature. The existence of carbon layers can protect the Co NPs from
over-oxidation by air. This type of material shows good activity and selectivity for hydrogenation of
nitroarenes with wide scope and good tolerance. They can also give high yields of heteroaromatic
amines. The adsorption properties of substrate molecules will be affected by the chemical state of Co.
Combing with in situ IR adsorption experiments and results from electron microscopy, a reaction
mechanism is proposed in where the important role of metallic cobalt and the negative role of CoOx
for the selective hydrogenation reaction is shown. And non-direct involvement of the carbon in the
reaction is also proposed. The role of carbon layers is as protection of the Co NPs from getting
deeply oxidized. This work provide new insights to design non-noble metal catalysts for

heterogeneous catalytic applications.
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