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ABSTRACT: The hydrogenation of nitrogen-containing heterocyclic precursors in aqueous
medium is quite challenging, especially at low temperature and without imposing molecular
hydrogen pressure. In the light of the edges of metal nanoparticles (NPs) possess high
selective activity, but most of the exposed metal surface does not. Hence, to influence the
activity of the entire NPs surface, the use of zeolitic imidazolate frameworks (ZIFs) to obtain
the metal NPs encapsulated in the carbon tubes which has been applied frequently. Herein, we
design and synthesize a series of metal catalysts encapsulated in N-doped carbon nanotubes
(NCT), which disperse on the hollow N-doped carbon framework (HNC), via pyrolysis ZIF-
67, ZIF-67@ZIF-8, and ZIF-8@ZIF-67 step by step. The catalyst of Co@NCT/HNC shows
outstanding activity of hydrogenation of quinoline under mild conditions, due to the
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synergistic effects between Co NPs, NCT and HNC, such as the NCT make the hydrogen
reach the surface of the reactant rapidly, and the encapsulated structure can enormously

prevent the metal aggregating.

In the field of organic synthesis and industrial chemistry, the selective hydrogenation of
functional groups (such as C=C, C=0 and C=N et al) plays crucial roles.[Yl For instance, as
important building blocks of many organic intermediates, agrochemicals and pharmaceutical
intermediates, 1, 2, 3, 4-tetrahydroquinoline (py-THQ) has attracted a great deal of attention.!?!
In recent years, heterogeneous catalysts show a wide range of applications in quinoline
hydrogenation, especially for precious metal catalysts, that possess extraordinary effects
under mild conditions, such as Pt,l®l Pd,[41 Ru,[®1 Rh,8 Ir,l"l and Aul® and so on. However,
there are still lots of shortcomings, including lower reserves, higher costs, the need for
corresponding ancillary groups, and poor chemo-selectivity when more than one functional
groups are involved. Moreover, noble metal catalysts typically need high pressure H, as a
source of hydrogen,® which leads to high risk, no matter what in laboratory storage and usage.

Currently, the hydrogen sources much more used by researchers are formic acid (FA) and
ammonia borane (AB).I*?! FA is a good substitute for hydrogen because it has a high
hydrogen content and easy to precipitate. Nevertheless, it often produces carbon dioxide or
monoxide in the dehydration process, where carbon monoxide may poison the catalysts and
reduce the life of catalysts significantly. AB possesses very high hydrogen content, up to 19.6
wi%.M It can be seen from the dehydration pathway ( NHsBHz+H20—NH4BO2+3H: ) that
one equivalent of AB can produce three equivalents of hydrogen, while the reaction
conditions are mild. Studies have shown that many metal catalysts can accelerate the
hydrogen evolution from AB, but they are not able to catalyze the hydrogenation of some
functional groups from organics. Consequently, it is necessary to improve the catalytic ability

and selectivity of the catalysts by rational design of the synthetic route.
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In recent years, non-precious metal catalysts are attracting increasing attention due to their
excellent performance in hydrogenation reactions. Moreover, non-noble metal has marvelous
content, and a rational design may endow better catalytic selectivity. In particular, transition
metal loaded on porous carbon such as Fe,[?l Co,[ and Nil* are widely used. However, the
metal nanoparticles are often constructed from high temperature pyrolysis which may induce
the phenomenon of metal aggregation, and that the aggregation will lead to the reduction of
metal dispersion and active sites, further hindering the performance of the catalyst.
Meanwhile, the metal will be leached during the reaction.[**]

Given the above consideration, MOFs as the precursor for synthetic C-N materials which
can protect the metal nanoparticles from leaching and aggregating.[®! Herein, our group
synthesized different core@shell (Co@NC) nanoparticles using ZIF-67,1'71 ZIF-67@ZIF-8
and ZIF-8@ZIF-67 as sacrificial templates: (a) the core@shell loaded on hollow nitrogen
doped carbon polyhedron (HNC) (Co@NC/HNC), (b) the core@shell dispersed on the inner
face of HNC (Co@NC), and (c) core@shell encapsulated in nitrogen doped carbon tube
dispersed on the HNC (Co@NCT/HNC) catalysts, respectively. It is interesting to found that
the thermal converted ZIF-67 and ZIF-67@ZIF-8 maintain their octahedral morphology with
Co nanoparticles dispersed uniformly on the outer or inner surface. However, the converted
ZIF-8@ZIF-67, produces NCT/HNC only under the same conditions. The ICP-AES analysis
indicates that the Co loadings are 32.10, 12.37, and 9.81% (Table S1), respectively. Here, Co
nanoparticles were encapsulated in the nitrogen doped NCT which grow on the HNC. More
importantly, the NCTs are expected to improve the rate of hydrogen transfer to the substrate
surface during the hydrogenation reaction. It is worth noting that the proper surface area of
the materials will also accelerate the hydrogenation catalytic performance. As expected,
Co@NCT/HNC exhibits higher hydrogen evolution than that of AB and superior selective

hydrogenation of quinoline in water/ethanol media under mild condition.
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Scheme 1. The graphic scheme to illustrate the synthesis of Co-based catalysts.
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The fabrication process of CO@NCT/HNC is illustrated in Scheme 1 and described detailly
in the Supporting Information. The crystalline phase and morphology of the CoO@NCT/HNC
were studied by powder X-ray diffraction (PXRD) and electron microscopy (SEM and TEM),
respectively. PXRD pattern of CoO@NCT/HNC exposes series of 2theta peaks at 44.2°, 51.5°,
and 75.8° assigned to the planes (111), (200), and (220) of Co (JCPDS No. 15-0806) and a
broad peak at ac. 26° assigned to graphitic carbon. The component of Co nanoparticle was
confirmed by X-ray photoelectron spectroscopy (XPS) measurements (Figure 2a-c), in which
the Co 2p exhibits two broad peaks at 777.7 (778.2) and 792.8 (793.3) eV, corresponding to
Co 2ps2 and 2pip, respectively. Their separation is 15.1 eV which is similar to Co
nanoparticle. Furthermore, Figure 2c shows the N 1s XPS spectrum for the catalyst, which
can be fitted into three sub peaks (pyridinic N, 397.9 eV; pyrrolic N, 400.2 eV; Graphitic N,
401.4 eV). In other word, the existence of C-N-H implies substantial N-H groups decorated
on the surface of NCTs which can create defects in the NCTs matrix confirmed by Raman
spectrum (Figure S6 and S7). In addition, the C1s spectrum confirms the existence of C-C
(284.5 eV) and C-N (285.1 eV), indicating the successful doping of N into carbon tubes.

4
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Figure 1. a, b, c) SEM images of CO@NCT/HNC, Co@NC and Co@NC/HNC, respectively. d) and e) the
high-resolution STEM. f) the corresponding FFT images of CO@NCT/HNC. g) EDS elemental mapping of

C, N, and Co.

As shown in Figure la-c, SEM and TEM images shown in Figure 1a, b, and c, indicated
that the CoO@NCT/HNC pyrolysed by ZIF-8@ZIF-67 is typical of carbon tube dispersed on
HNC, while Co@NC obtained by pyrolysis of ZIF-67@ZIF-8 is characteristic of Co@NC
core-shell nanoparticles dispersed inner face of the HNC. The surface of the hollow nitrogen-
doped framework is smooth (Figure 1b). CoO@NC/HNC derived from the pyrolysis of ZIF-67
is corresponding to the Co@NC nanoparticles that dispersed on the outer surface of the HNC.

For getting more structural details, high-angle annular dark-field scanning transmission

5
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electron microscopy (HAADF-STEM) images were collected, and which reveal bamboo-like
carbon nanotubes with the average diameter of about 6 nm. The transparent NCTs and the
“knots” of Co nanoparticle indicate that the wall is very thin. Although almost Co NPs are
encapsulated in tips of the nanotubes, some of them are still embedded in the middle of
nanotubes. These evidence suggest the growth and graphitization mechanism of NCTs in
terms of the catalysis.[®! Furthermore, EDS elemental mapping measurement Co, N, and C
elements in the entire architecture (Figure 1g), which is in good consistent with the XPS
curves. Remarkably, the N element not only disperses on NCTs, but also concentrates more
around the encapsulated Co particles, reflecting the unique structure of Co@NC confined in
the NCTs which dispersed on the HNC models.

To further explore the local atomic structures of the Co nanoparticle, X-ray absorption fine
structure (XAFS) spectra at Co K-edge were carried (Figure 2d). Both Co K-edge k*y(k)
oscillation curve (Figure 2e) and corresponding Fourier transform (FT) curve for
Co@NCT/HNC were found to the same as the pure Co nanocrystal, indicating the Co mainly
existed in the form of Co nanoparticle. However, the Co K-edge XANES of Co@NCT/HNC
is very distinct compared with those of the Co foil, CoO and Co30s. The energy absorption
threshold value for Co@NCT/HNC was located with the Co foil, indicating that the sample
has same valent state with Co. The white line of Co K-edge XANES of sample has more
intensity than the Co foil (Figure 2f), suggesting that the surfaced Co atoms have very strong
influence to the carbon tube. The surface areas and pore size of Co@NCT/HNC, Co@NC and
Co@NC/HNC were determined by N> adsorption measurements (Figure SS5), in which
Co@NCT/HNC exhibits a moderate surface area of 325.4 m? g'!. In addition, an obvious
hysteresis loop occurred in the N> adsorption-desorption isotherm, which is a typical
characteristic of mesoporous materials. Therefore, the synergetic factor of moderate surface
area and the encapsulated Co NPs, may boost the catalysis for hydrogen evolution from

hydrogenation reaction.
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Figure 2. a) the XPS survey of Co@NCT/HNC, b) Co 2p and ¢) N 1s. d) XANES of Co@NCT/HNC, CoO,
Co0304, and Co foil. e) FT at R space and k space. f) WT of the Co K-edge.

To explore the catalytic properties of Co@NCT/HNC, we selected the hydrogenation of the
benchmark substrate quinoline as a model reaction. Pleasingly, the evolution of the reactant
and product distributions with reaction time revealed that quinoline can be smoothly
converted into py-THQ without by-product under mild conditions and friend solvent of water
(Figure 3c). A quantitative yield of py-THQ was obtained in 2 hours. The performance of
Co@NCT/HNC is better than the other reported metal catalysts (Table S2). The high activity
and selectivity of the catalyst make it possible for feasible applications. Furthermore, the
reaction conditions were optimized for the hydrogenation of quinoline through variation of
hydrogen resource and temperature, however, the quinoline has not hydrogenated when the
hydrogen resource has been changed to NaBH4 or hydrazine hydrate. The catalytic activity of
the catalyst is insensitive to reaction temperature, the conversion and the selectivity without
declined when the temperature within the range of 60-100 °C. Due to the support of the
internal ZIF-8, ZIF-67 of the shell layer does not aggregate during the pyrolysis process,
which increases the dispersion of the metal, along with specific surface area and active sites

of the material. At the same time, the hollow structure and the carbon tube on the surface
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facilitate the storage and transfer of hydrogen. To verify the necessity of the Co@NCTs, we
prepared the sample Co@NC deposited on the outer and inner surface of HNC for
comparison (Figure 1b, ¢ and XRD in Figure S2). Co@NC can also achieve the
transformation of quinoline to py-THQ selectively. However, in terms of the conversion,
Co@NC exhibited a remarkable lower activity which are 29.2 and 78.6% (Figure 3b),
respectively. Furthermore, to better understand the results, the AB hydrolysis catalyzed by
various catalysts has been studied. We can see from Figure 3a, Co@NCT/HNC exhibits the

best hydrolysis performance.
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Figure 3. a) The AB hydrolysis reaction catalyzed by various catalysts. b) The performance of
hydrogenation of quinolines with different catalysts (1: CO@NC/HNC; 2: Co@NC; 3-5: CoO@NCT/HNC
with different pyrolysis times). ¢) Kinetic curves and selectivity for quinoline hydrogenation with
Co@NCT/HNC (reaction conditions: with 1.3% mmol catalyst dispersed in 10 mL deionized water and 5
mL ethanol, under 65 °C).

With the catalytic mechanism in mind, we conjecture a possible mechanism for the
hydrogenation of quinoline over CoO@NCT/HNC. We propose a reaction mechanism for the
catalysis (scheme 2), the hydrogen produced by hydrolysis of ammonia borane firstly transfer
to the surface of Co particles and then be cleaved to H and H*. Meanwhile, the substrates
enriched in the hollow structure are ready to be hydrogenated by the hydrogen species which

produce the py-THQ.
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Al ammonia borane

Scheme 2. Possible pathway for the hydrogenation of quinoline over CoO@NCT/HNC.

Subsequently, considering the superb activity of the catalyst, the substituted quinoline with
different groups have been chosen as expanded substrates to assess the active of the catalyst
for the hydrogenation of N-hetero cyclic compounds. The results have been listed in Table 1,
which show that Co@NCT/HNC has extremely activity and chemo-selectivity on the
reduction of all the expanded substrates whatever they are electro-withdrawing groups or

electron-donating groups.

Table 1. Hydrogenation of quinolines with different substitute groups by Co@NCT/HNC.

Entery Substrate Temp.(°C) Time(h) Product Conv.(%) Selected(%)

S

1 @ 45 2 @j 99 >99
Cl Cl "
AN

2 L 60 5 COL 99 >99

e
3 @ 60 5 E:Ej 97.5 >99

p O

4 m« 60 6 o 81 >99

AN
5 m 45 5 \©fj 99 >99
6 \C[j 45 2 m 99 >99

In conclusion, we have designed and obtained high activity Co NPs catalyst encapsulated in
N-doped carbon tubes which well dispersed on the hollow N-doped carbon polyhedron via the
approach of step by step self-assembly and confined pyrolysis. The produced catalyst

demonstrated high activity of hydrogenation of quinoline with high chemo selective by
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hydrogen evolution from ammonia borane. The admirable catalytic performance can be
attributed to the followings: (a) the size distribution of the catalyst is smaller (ac. 8 nm) which
can make the active sites exposed to the substrate; (b) the hollow structure and the carbon
tube on the surface facilitate the transfer of hydrogen to the surface of the reactant; (c) the
moderate surface area and the mesoporous pores allow the facile approaching of catalytic
active sites; (d) the N-doped structures provide a protection which greatly weakening the
strong coordination between N-heteroarenes and Co NPs; (e) the NCTs’ encapsulation
structure can enormously reduce the extent of leaching and prevent the Co NPs aggregating.
The achieved success in the encapsulation of Co NPs within NCTs dispersed on the surface of
HNC may pave the way for designing highly active and reusable catalysts for hydrogenating

more challenging molecules by hydrolysis of ammonia borane.
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